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Some Basic Concepts 
and Mole Concept 


I. Mole concept and equivalent concept: 
a. For elements: 
| g atom = N atoms = 6.023 x 102 atoms 
= Gram atomic weight 
For example. 
l g atom of oxygen = N , atoms of oxygen 
= 6.023 x 102 atoms of oxygen = 16 g 
Gram atomic weight: It is the weight of N , atoms in grams. 
Weight of one oxygen atom = 16 amu 
= 16 x 1.66 x 104g 
-. Weight of N , oxygen atom= 16 x 1.66 x 10-24 
x 6.023 x 107g 
= 16 
where N, is Avogadro’s number. 
b. For compounds: 


I g molecule or 1 mole = N , molecules 
= 6.023 x 10% molecules 


— g molecular weight 
I mol of O, = N, molecules of O, 
= 6.023 x 10°? molecules of O, 
=32 g 
Gram molecular weight: It is the weight of N , molecules 
in grams. 
Weight of one O, molecules = 32 amu 
= 32 x 1.66 x 107^ g 
Therefore, Weight of N, molecules O, 
= 32 x 1.66 x 10°74 x 6.023 x 10?? 
= 32 g 
. Avogadro’s hypothesis: Equa] volumes of gases or vapours 
obeying gas laws under similar conditions of P and T contain 
equal number of molecules. 
The statement reveals the following facts: 
a. One mole of gases contain N, molecules. 
b. The volume of 1 mol gas at NTP or STP has 22.4 L.. 
c. Gram molecular weight for a gas is the weight of its 
22.4 L at NTP. 
d. NTP refers P= 1 atm and T= 0°C or 273 K. 


qa 


. OVERVIEW | 


«e Molecular weight ofn gum c 0 Vapour density eod paa 
E Avogadro's number 06021 10"! 
Number ob atem dii Er ate 
olan element 
Number of molecules in Emele ol 
compound 


3. Dulong and Petlt^s law: 

Atomie weight x Speeilie heat + 6.4 (For metala only) 
Specilic heat in cal g | 

4. Equivalent weight: lquivalent weight ofa substance depends 


upon the nature of chemical reactions in whieh the subst: 
takes part, The evaluation oF equivalent weight ofa substan « 


may therefore be cautiously made, 

a. Equivalent weight of an element In n redox change 
Ifthe substance takes part ina redox change, its equivalent 
weight should be reported only by 


Equivalent weight of a compound 


Molecular weight 
— Number of electrons lost or 
gained during tedox change by 
one molecule of that compound 


Equivalent weight of un element 
Atomic weight 


Number of electrons lost ot 
gained during redox change by 
one atom of (hat compound 
b. Equivalent weight of an element or compound In à non 
redox change 


I Equivalent weight of an element 
Atomic weight of element 
Valoney of element 
ii Equivalent weight ofu compound 
lw ol 1 parit Kw ob TH parl 
The above two equations are not valid for hydrated 
compounds, Also, equivalent weipht ofa compound 


Atomic weight ol compound 
Total charge on cationic or di donde pari 
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or example, 


1. NaCl 
| 2234 35.55 58.5 
Ew Nacl ^ 31 g 
Mot NaCl | SRS _ gg 5 
EWyact | l 
2. AICI, 


Mwet AIC, — 35. 44s 


EWA 3 3 
jo KSO p AI(S0,), 240,0: (Total charge = +8 or -3) 
M 
cM Alum = S 


c. Equivalent weight of an acid or base. 


Mx 


**  Basicitv 


acho 


(Basicity is number of H atoms 


replaced from one molecule of acid) 


-. ave base 


Ex, = er (Acidity is the number of H atoms 
=$ 9 Aciditv i 


replaced from acid by one molecule of base) 


H.PO. 5 NaOH — Na,HPO, +2H,O 
asicity = 2 Acidity = 1 

- M M 

Lupo: 7 74 Ex,og = T 


d. Equivalent weight of an ion: 


oo 


l l Formula weight of ion 
Equivalent weight of ion = ——— eee 


Charge on ion 
€. Equivalent weight of acid salt: 


Formula weight of ion 


Equation weight of ion = 
Replaceable H atoms in it 


An acid salt is one which has replaceable H atoms, e.g., 
NaHC O.. NaHSO,. Na HPO, However, Na HPO, is not an 
acid salt since it does not have replaceable H atom because 
H;PO, is dibasic acid. In oxy acids, only those H atoms are 
replaceable which are attached on O atom, €g., 

O f ) () 


| 
I—O— P—O-—H H—O—P O-H H- -p OH 


O—H H | 
Tri-basic Di-basic Monobasic 
(H;PO,) (H;PO.) (H, PO.) 


Normality: It is defined as number of equivalents of 
present in one litre of solution. 
Equivalent of solute 


a solute 


— Volume of solution in litre 


Weight of solute 
" Equivalent weight of solute x Va (in L) 


W W x 1000 
xe E x Va (in L) | Ex VQ (in mL) 


Also, equivalent — Nx Vi (in L) 
Weight of solute 
" Equivalent weight of solute 


and milli equivalent = N * V, (in mL) 


Weight of solute 


icu HERE TERRE s nnd l! 
Equivalent weight of solute TM 


6. Molarity: It is defined as the moles of solute present in one 
litre of solution. 
Moles of solute 
~ Volume of solution in litre 


Weight of solute 
^. Molecular weight of solute x V, (in L) 


Weight of solute x 1000 
~ Molecular weight of solute x V,,, (in mL) 


1000 
M= "Mw x V(mL) 


Also, mole of solute = M x V. 


sol 
E Weight of solute 
~ Molecular weight of solute 


(in L) 


= Mx V (inmL) = -Æ x 1000 


Note: a. Moles and milli moles react according to equation. 


b. -: Molarity = ae 

V (in L) 
Batiivals 

Normality = ee a 
V (in L) 


M Moles _ Wx Ew | Ew 


N Equivalent MwxW Me 


| 
Valeney factor 


^ Normality = Molarity x Valeney factor 
It is better to solve a numerical bv equivalent or mEq 
rather than using moles and milli moles. For this 


Purpose, molarity should be Changed into normality 
according to the above equation, 


Molality: Moles of solute present in | kg of solvent. 


Moles of solute 


Molality = 
Weight of solvent in kg 


10. 


Weight of solute 


Mw of solute x Weight of solvent in kg 
Weight of solute x 1000 
Mw of solute x Weight of solvent in g 


Weight of solvent = Weight of solution — Weight of solute 


Strength of solution: Amount of solute present in one litre 
solution. 


7 Weight of solute LLW 
Volume of solution in litre Veo Gn L) 
W 

N= —x 


Ew Vanl) 
© S=N xX Ew 
In terms of percentage: 
Weight of solute 


% by weight = — — x 
Weight of solution 


Volume of solute 


% by volume = ——— —— — —— 
Volume of solution 


Weight of solute 


% by (W/V) = Tx 
Volume of solution 


For example, a solution is 35% by weight. 

W./W. means: 100 g solution contains 35 g solute 

35% by volume: 100 mL solution contains 35 mL solute 
35% by strength (W/V): 100 mL solution contain 35 g solute 
Mole fraction: Mole fraction of solvent (xa) 


B Moles of solvent Hn, 
Moles of solute + moles of solvent n} +n, 


Mole fraction of solvent (y ,) 


_ Moles of solvent _ Mg 
Moles of solute + Moles of solvent n, +n, 


By the two equations above, 


5a tuum] 


Alkali metals 


11. Some important formulae: 


a. 


. Molality (m) = 
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, W, 71000 
Molarity (M) = ————. AN 
Mw, x V of solution in mL 


l W, z 1000 
Mw, » W, ( Weight of solvent in g) 
W, 7 1060 
Normality (V) - ——— — 
Ew, 7 V of solution in mL 


. Normality = ‘n’ factor ^ M 


n implies: 

i. Basicity of an acid (i.e., replaceable H^ ions) 
ii. Acidity of base (i.e., replaceable OH ions) 
iii. Total +ve or —ve charge in case of salt 


iv. Number of electrons involved in redox reactions 


_ %by weight x 10 x Density of solution 


e. M 
Mw; 
f _ My *1000 75, 71000 
dii n x Mw 7 ~*~ Mw 
g. d = m( 2241) 
1000 m 
W 
n Mu, 
h. x, = ——— — i10 
| nm-xn MW " W 
Mw Mw, 
m 
0 ee Mw, 
X2 n +n W, E W, 
Mw Mw, 
or (t -i- Xj) 
W, n, 
bel Jose 
| WGe€W, -OWBVL-Ws 
or (X, = 1 —4)) 
j. ppm= r x 10° 


sol 


Alkaline earth metals 


Stable 
CaSO, 


A 


> No reaction 


Sulphates Stable 
Na,SO, —4 No reaction 
Carbonates ; Stable A 
K,CO, ——> No reaction 
But Li,CO, is unstable, 
Li,CO, —— Lio + CO, 
Bicarbonates i Unstable 


2NaHCO, —— Na,CO, + CO, + H,O 


MgCO, —— MgO + CO, 


Unstable 
Ca(HCO,), 


^ 


> CaO + H,O + 2CO, | 
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Nitrates Unstable 


2KNO, 
But LINO, decomposes 
differently, like alkaline 
earth metal nitrates 

2LiNO, 


Hydroxides Stable 


But hydroxides of Li 


earth metal hydroxides 
2L 10H 


Formation of Nitrides Alkali metals except 
Li do not react with N, 
Na t N, 
Li forms nitrides with N, 
6Li + N, "> 2Li,N 


^ 2 KNO; +0; 


* Li,O t 2NO, * O, 


NaOH I No reaction 


decomposes, such as alkaline 


> Li5O + HO 


A , 
—» No reaction 


13. Some basic chemical reactions: 


2KCIO, —— 2KCI +30, 


a. 

b. 2NaHCO, My Na,CO, + CO, + H,O 
€ NaNO, ay NaNO, 4 70, 

d. 2Pb(NO,), —— 2PbO + 4NO, + O, 
€. Na,C,0, —— Na,CO, * CO 

£ 2FeSO, —— Fe,0, + SO, + SO, 

g. 2Na,S,0, + 1, —> Na,S,0, + 2Nal 

h. NH,NO, = N,O + 2H,O 

i, NHNO, —— N, +2H,0 

j. 2AgNO, —— 2Ag + NO, + O, 

A 2Mg*O, -> 2MgO 

L 3Mg+N,— Mg,N, 

m. 4FcS, + 110, —> 2Fe,0, + 850, 

n. (NH,),Cr,0, > N, + Cr,O, + 4H,0 
o. 2H,0, > 2H,0 +0, 

p. 2HgO —~> 2Mg +O, 


K,CO, + 2HCI » 20KCI + CO, 4 ILO 


r. 


se NaHCO, + HCl—> NaCl + H,O + CO, 


Unstable 
2CaNO, —“> 2Ca0 + 4NO, + O, 


Unstable 
Mg(OH), —*-> MgO + HO 


The alkaline earth elements burn in N, to 
form ionic nitrides with formula MLN, 
3Ca + N, —9 Ca,N, 


2NH, + CO, + H,O —9 (NH,),CO, 


A 
t. H,CO, —— H,0- CO, 


600°C 


u. C+H,O —— > CO+H, 


UV 


v. 30, — 20, 


light 


.M.. CaCO, + CO, + H,O —> Ca(HCO,), 


14. Some general points: 


a. 


e. 


Molality, % by weight, mole fraction are independent of 
temperature since they involve weights. 


Normality, molarity, percent by volume; percent by strength. 
and strength are temperature dependent and normally 
decrease with increase in temperature since the volume of 
solution increases with T. 


Sometimes, the term formality is used in place of molanty. 


Normal, molar solution means solutions having normality 
| N and molarity 1 M, respectively. 


Standard solution is one whose N or M is known. 


During the dilution of a solution, equivalent, molar 
equivalent, mole, or millimoles of a solute do not change: 
however, N and M change. 


Chemistry is the science of atoms and molecules and their 
transformations, lt is the science of the infinite number of 


molecules that are built from these atoms. 


Chemistry plays an important role in daily life. Chemical 
principles are important ina plethora ot areas such as weather patterns, 
functioning of brain, and operation of a computer. Chemicals are 
used in manufacturing acids, alkalis, salts, dyes, drugs, polymers, 
soaps, detergents, metals. alloys, fertilizers, insecticides, pesticides, 
and other inorganic and organic chemicals. Chemicals also constitute 
food, health care products, and other materials which improve the 


quality of life. Some life-saving drugs, such as cisplatin and taxol 


are effective in cancer therapy and AZT (azidothymidine) is used for 
helping AIDS victims, have been isolated from plants and animal 
sources or prepared by synthetic methods. 


Chemical principles help help in designing and synthesising 
new materials having specific. fic magnetic, electrical, and optical 
properties, which further help i in manufacturing optical fibres, 


super-conducting ceramics, conducting polymers, and solid 
state devices. These principles also help in synthesising safer 
alternatives to environmentally hazardous refrigerants such as 
CFCs (chloro fluoro carbons) responsible for ozone depletion in the 
stratosphere. Moreover, some of the intellectual challenges for the 
future chemists are yet to be solved such as management of green 
house gases such as methane, carbon dioxide, etc., understanding 


bio-chemical processes, use of enzymes for large-scale production 
of chemicals, and synthesis of new toxic materials. 


J«2 MATTER 


Matter is anything that occupies mass and space. It exists in 
three ph physical states, e.g., solid, liquid, and gas. In solids, the 
constituent particles are held very close to each other in an orderly 
manner with not much freedom of movement. In liquids, the 
constituent particles are close to each other but they can move 
around. However, in gases, the constituent particles are far apart 
as compared to those present in solid or liquid states and their 
movement is easy and fast. 
Characteristics: 
a. Solids have definite volume and definite shape. 
b. Liquids have definite volume but not definite shape. 
They take the shape of the container in which they are kept. 
c. Gases have neither definite volume nor definite shape. They 
occupy completely the container in which they are kept. 
These three states are interconvertible on changing the conditions 
of temperature and pressure. 


Heat 


Solid ————— Liquid Gas 


1.2.1 CLASSIFICATION OF MATTER 


Matter can be classified broadly as mixture or pure substances, 
which can be further subdivided as shown below. 
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Matter 
bo — y 
ma Pure substances 
v u Y v Y 
Homogenous Heterogenous Elements Compounds 
mixture mixture 


a, Mixture: A mixture contains two or more substances 
present in it in any ratio which are called its components. 
For example, sugar solution in water, air, tea, etc. 


b--Homogenous mixture: A mixture in which the components 
completely mix with each other and its composition is 


uniform throughout. For example, salt solution, sugar 
solution, air, etc. 


$ Heterogenous mixture: A mixture in which the 
composition is not uniform throughout, and different 
components sometimes can be observed. For example, 
mixture of salt and sugar, grains and pulses alongwith some 
dirt (often stone) pieces, etc. Components of a mixture 
can be separated by physical methods such as mechanical 
separation, hand picking, filtration, crystallisation, 
distillation, fractional distillation, steam distillation, etc. 


d^ Pure substances: They have fixed composition, whereas 


mixture may contain the components in any ratio and its 
composition is variable. For example, gold, silver, copper, 
water, glucose, etc. Water contains hydrogen and oxygen in 
a fixed ratio and has fixed constituents. The constituents of 
pure substances cannot be separated by physical methods. 


Pure substance can be classified further into elements and 
compounds. 


e. Element: It consists of only one type of particles, atoms or 
molecules. For example, silver, copper, sodium, hydrogen, 
oxygen, etc. They all contain atoms of one type. However, 
the atoms of different elements are different in nature. 


. L^ Molecule: Two or more atoms combine to give molecules of 
the element. Hydrogen, oxygen, and nitrogen gases consists 
of molecules in which atoms of same elements combine to 
give their respective molecules. 


_g Compound: When two or more atoms of different 
elements combine, the molecule of a compound is formed. 


For example, water ammonia, carbon monoxide, sodium 
chloride, etc. 


The atoms of different elements are present in a compound 
in a fixed and definite ratio, and this ratio is a characteristic of a 
particular compound. The properties ofa compound are different 
from those of its constituent elements. For example, hydrogen 
and oxygen are gases whereas the compound formed by their 
combination, i.e., water, is a liquid. Hydrogen burns with a pop 
sound and oxygen is a supporter of combustion, but water is used 
as a fire extinguisher, 

The constituents of à compound cannot be separated into 
simpler substances by physical methods, but they can be separated 
by chemical methods. 


122 PROPERTIES OF MATTER AND THEIR 


MEASUREMENTS 


The properties of a substance have unique characteristics and are 
classified into physical and chemical properties. 


1.6 Physical Chemistry 


\a. Physical properties: Those properties which can be measured 
or observed without changing the identity or composition of 
the substance are known as physical properties, e.g., colour, 


melting point, boiling point, odour, ete. 


. Chemical properties: Those properties which describe a 
matter’s ‘potential’ to undergo some chemical changes are 
known as chemical properties, e.g., characteristics reactions 
of different substances which include acidity or basicity, 
combustibility, etc. 

. Measurement: Any quantitative observation represented 
by a number followed by a unit in which it is measured is 
called measurement, such as length, area, volume, etc. 


For example, length of a room is 10 m; here 10 is the 
number and m denotes metre—the unit in which the length 
is measured. 


Two different systems of measurement, i.e., the English system 
and the metric svstem are used. The metric system, originated in 
France in late 18th century, is more convenient and widely used. 
This system is based on the decimal system. 


1.3 THE INTERNATIONAL SYSTEM 
~~ OF UNITS (SI) 


The international system of units (in French, Le System 
International d'unites—abbreviated as SI) was established at the 
11th General Conference of Weights and Measures (CGPM— 
Conference Generale des Poids et Mesures). The CGPM is an inter 
governmental treaty organisation created by a diplomatic treaty 
known as Metre convention which was signed in Paris in 1875. 


The SI system has seven base units and is shown in Table 1.1. 
The definitions of the SI base units are given in Table 1.4. 


These base units pertain to seven fundamental scientific 
guantities. The other physical quantities such as volume, density, 
velocity. etc.. can be derived from these seven fundamental 
quantities (Table 1.3). The SI system allows the use of prefixesto 
indicate the multiples or submultiples of a unit (Tables 1.1—1 A). 


Table 1.3 Derived units 


Area Length squared 
Volume Length cubed 
Density Mass per unit volume 
Velocity 


Acceleration 

Force 

Pressurc 

Energy (work, hcat) 
| Electric charge 

Electric potential | 


Force per unit area 


Distance travelled per unit time 
Velocity changed per unit time 
Mass times acceleration Of object 


Force times distance travelled 
| Ampere times second (As) 
Energy per unit charge 


- .  . | Expression in terms of SI base units 


Table 1.1 SI base units 


Base physical quantity Name of the Unit 
and symbol for quantity Mw a 
Mass (m) kilogram 
Length (/) metre m 
Time (/) second S 
Temperature (7) kelvin K 
Electric current (7) ampere A 
Luminous intensity (/,) candela cd 
Amount of substance (n) mole mol | 
Table 1.2 SI prefixes 
yotta Y 
zetta Z 
exa E 
peta P 
tera T 
giga G 
mega M 
kilo k 
hecto h 
deca da 
deci | d 
centi c 
milli | m 
micro | u 
nano n 
pico p 
femto f 
atto | a 
zepto | z 
yocto | y 


n 
m? 
m? 
kg/m* or kg m? 
m/sorms ! 

uU ’ 
mst orms ` 
| d sn 
kg ns? or kg m s ? (newton, N) 
, 2 . 
kg/(ms?) or kg m ts ? (pascal, Pa) 
2 : ) . D 
kg“/s* or kg m?s ? (joule, J) 
(Coulomb, C) 


bod NETS 
JA ^s ! potential difference (volt, V) 


Table 1.4 Definition of SI base units 


Unit Symbol 


Mass Kilogram (kg) 


| 
Length Metre (m) 


Time Second (s) 


Some Basic Concepts and Mole Concept_ 1:7 


EP 


It is equal to the mass of Pt-Ir cylinder that is stored in an 
airtight jar at the International Bureau of Weights and Measures 


in Serves, France. 


Definition 


or 


It is equal to the mass of the international prototype of the 
kilogram. 


It is the length of the path travelled by light in vacuum n during 
a time interval of 1/299,792.458 of a second. 


It is the duration of 9,192,631,770 periods of the radiation 
corresponding to the transition between two hyper fine levels | 
of the ground state of the Caesium-133 atom. 


It is the amount of substance of a system which contains as. 
many elementary entities as there are atoms in 0.012 kg of C-12. | 
The elementary entities must be specified and may be atoms, 
molecules, ions, electrons, other particles, or specified group | 
of such particles. 


Amount of the substance Mole (n) 

. 1 E x ] 
Thermodynamic temperature Kelvin (K) 
Electric current | Ampere (A) 
Luminous intensity - | Candela (cd) 


3.1 DERIVED UNITS 

The units of all other physical quantities are derived out of those 
of the basic physical quantities the units thus obtained are called 
derived units. Some physical quantities and their derived units 
are given in Table 1.3. 


33.2 SUBSIDIARY UNITS 

Sometimes we require units that may be multiples or fractions 
of the base units. The SI system recommends multiples such as 
10°, 10°, 10? etc. and fractions such as 102, 10%, 10^? etc., i.e., 
the powers are the multiples of 3. These are indicated by special 


prefixes and are given in Table 1.2. 


1.3.3 MASS AND WEIGHT 

Mass of a substance is the amount of matter contained in it whereas 
weight is the force exerted by gravity on a substance. The mass of 
1 substance is constant while its weight changes from one place 
o another due to variation in gravity. 

The mass of a substance is measured by using an analytical 
valance. The SI unit of mass is kilogram. Due to smaller amount 
f substance used in chemical reaction, fraction of kilogram, i.e., 
ram, is used (1 kg = 1000 g). 

Volume: Unit of volume is (length). SI unit of volume is 
mô, for smaller volumes, cm? or dm? units are used. 


T It is the fraction of 1/273.16 of the thermodynamic tempera-ture | 
of the triple point of water. | 


It is the current which, if maintained in two straight parallel 
conductors of infinite length, of negligible circular cross section | 
and placed 1 metre apart in vacuum, would produce a force 
equal to 2 x 1077 newton per metre of length. 


It is the luminous intensity, in a given direction, of a source 
that emits monochromatic radiation of frequency 540 x 10/2 
hertz and that has a radiant intensity in that direction of 
1/683 watt per steradian. 


Another unit, litre (L), which is not an SI unit, is used for 
measurement of volume of liquids. 

1 L= 1000 mL 

1000 cm? = 1 dm? = 1 L 

Volume of liquids or solutions is measured by using burette, burette, 


pipette, graduated cylinder, or volumetric flask. 
b. Density: Density of a substance is mass per unit volume. 


SI unit of mass 


SI unit of density = —————— —— — 
ty SI unit of volume 


k -3 
= È or kgm^ 
m 
For smaller units of density, g cm^ is used, where mass is 
expressed in g and volume is expressed in eni. 

. €, Temperature: Temperature of a substance is measured 
in three common scales, i.e., °C (degree Celsius), °F 
(degree Fahrenheit) and K (Kelvin). K is the SI unit. The 
temperatures °F and °C are related to each other by the 
following relationship: 


: 32 
op = —(9C)4 
l ej ) 


= 
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The Kelvin scale is related to Celsius scale as follows 


K=°C+273.5 

Temperature below 0°C (i.e., negative values) is possible 
in Celsius scale, but in Kelvin scale, negative temperature 
is not possible. 

d. Reference standard: The mass standard is kilogram (kg) 
since 1889. It is defined as the mass of platinum-iridium 
(Pt-Ir) cylinder that is stored in an airtight jar at the 
International Bureau of Weights and Measures in Serves, 
France. Pt-Ir was chosen for this standard because it is 
highly resistant to chemical attacks and its mass does not 
change for long time. 

A new standard of mass focuses to measure accurately the 
number of atoms in a well-defined mass of sample. In this method, 
X-rays were used to determine the atomic density of an ultrapure 
silicon crystal. which has an accuracy of about 1 part in 10° but 
has not been adopted as a standard yet. 

The metre standard is defined as the length between two 
marks on a Pt-Ir bar kept at a temperature of 0°C (273.15 K) in 
the International Bureau of Weights and Measures, Serves, France. 

In 1960. the length of metre was defined as 1.65076373 x 10° 
times the wavelength of light emitted by a krypton laser. 

The metre standard was defined in 1983 by CGPM as the 
length of path travelled by light in vacuum during a time interval 
of 1 299.792.458 of a second. 

Similar to length and mass, there are reference standards for 
other physical quantities also. 


1.4 UNCERTAINTY IN MEASUREMENT 


In the study of chemistry, the theoretical as well as experimental 
data has to be presented with certainty. Thus, there are meaningful 
ways to handle the numbers conveniently and present the data 
realistically with certainty to the extent possible. 


4.1 SCIENTIFIC NOTATION 

In the study of atoms and molecules having low masses and with 
extremely large numbers involving so many zeros, it is very 
challenging to do simple mathematical operation of addition, 
subtraction. multiplication, or division with such numbers. For 
example, the number of molecules in ] mol of hydrogen gas deals 
with a number 2s large as 602,200,000,000,000,000,000,000 
or as small as 0.00000000000000000000000166 g mass of an 
H atom. Similarly, other constants such as Planck's constant, 
speed of light. charges on particles, etc., involve numbers of the 
above magnitude. 

For such numbers. scientific notation is used, i.c., exponential 
y number can bc represented in the form of N 


notation in which an 
x 10”, where n is an exponent having positive or negative values 
and N can vary between | and 10. 

Thus, 543.609 can be written in scientific notation as 
5.43609 x 107. In this operation decimal had to be moved to 
s the exponent (2) of 10 in the 


the left by two places and same i 
scientific notation. 


0.00027 can be written as 2.7 * 10-4. Here, the 


Similarly, l 
aces to the right and same is the 


decimal had to be moved four pl 
exponent (—4) of 10 in the scientific notation. 


1.4.2 MULTIPLICATION AND DIVISION 
The above two operations follow the same rules, i.e., 
(4.6 x 106) (3.9 x 10°) = (4.6 x 3.9) (106 * 9) = 17.94 x 105 
(5.6 x 10:3) (4.7 x 10 5) = (5.6 x 4.7) (10 dim) 
= 26.32 x 10^ 
38x10" = (3.8 + 5.9) (1077) = 0.64406 x I0? 


5.9 x 10 
1,43 ADDITION AND SUBTRACTION 


For such operations, first write the numbers in such a way that 
they have same exponent. After that, the coefficients are added or 
subtracted as the case may be, for example, for addition: 
7.65 x 103 + 8.69 x 104 
= 0.765 x 104 + 8.69 x 10^ (exponent is made same for 
both the numbers.) 
= (0.765 + 8.69) x 104 = 9.455 x 10^ 
Similarly, subtraction of two numbers can be done as follows: 
56x 103 — 6.2 x 10% = (5.6 x 102) — (0.62 x 104 x 10) 
= (5.6 x 105) — (0.62 x 103) 
= (5.6 — 0.62) x 10? = 4.98 x 10° 


4.4 ACCURACY AND PRECISION 


The measurement involving counting of whole numbers of 
identifiable objects, e.g., apples, oranges, chairs, etc., can be 
known accurately, i.e., they are of exact numbers. Likewise. 
defined quantities are also exact, e.g., there are exactly 60 min in 
1 h. But many scientific experimental measurements have some 
amount of uncertainty associated with it. The accuracy of any such 
measurement depends upon. 

a. The accuracy of the instrument, i.e., measuring device. 

b. The skill of the operator. 

Precision: It refers to the closeness of various measurements for 
the same quantity. If the values of different measurements are close 
to each other and hence close to their average value, the measurement 
is said to be precise. The average value of different measurements 
may not be close to the correct value. The precision depends upon 
the measuring device as well as the skill of the operator. 

Accuracy: It is the agreement of a particular value to the true 
value of the result. If the average value of different measurements 


POM Ln 


E close to the true value, the measurement is said to be accurate. 
Fhe individual measurements may not be close to each other. 
For example, if the true value for a result is 4.00 g and the 
observations made by four students are shown as below: 
Table 1.5 Data to understand accuracy and precision 


Student | Measurements (g) te 
: é Average 
A 4.00 |401 Set: 
` M5 |36 n RR LL 
T = 3.65 
i E iw 
s 2o uod 7 


Measurement by student Als both accurate and precise, 


Measurement by student B has poor accuracy but good 
precision. 

Measurement by student C has good accuracy but poor 
precision, 

Measurement by student D has poor accuracy and poor 
precision, 

The results are explained diagrammatically as shown in 
Fig. Ll. 

A measurement having a good accuracy but poor precision 
of different measurements may give a correct average (though 
generally poor precision corresponds to poor accuracy), The 
reverse is not true. Good precision does not necessarily mean 
good accuracy. For example, length of a room of 10 m may be 
mistakenly taken as 20 m, Various measurements taken may have 
good precision, but the accuracy will be very poor. Such errors in 
measurement when the same mistake is made repeatedly are called 
systematic errors, They effect the accuracy of the measurement 
but do not affect the precision. 


Student (A) Student (B) 


4.00 g 4.00 g 
a SEE 
^ 
l 
Correct and - 
Average value | l 
Average 


value Correct value 


(b) Good precision but 
poor accuracy 


(a) Both accurate precise 


Student (C) Student (D) 
4.00 g 4.00 g 
LEGE 
I 
Average 
value 
Correct and Correct value 


average value 


(c) Good accuracy but 
poor precision. 


(d) Poor accuracy and 
poor precision. 


Fig. 1.1 Explanation of precision and accuracy 


1.4.5 SIGNIFICANT FIGURES 
The uncertainty in the experimental or the calculated value is 
indicated by mentioning the number of significant figures. 


Significant figures are the total number of digits in a number 
i Lr 


including the | last digit whose value i 


5 uncertain. 

The uncertainty is indicated by writing the certain digit 
and the last uncertain digit. Suppose the volume of a solution is 
20.5 mL, 20 is certain and 5 is uncertain and the uncertainty is +] 
in the last digit. Al] measured quantities are reported in such a way 
that only the last digit is uncertain usually by +1. 
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Rules for Determining the Number of Significant Figures 

a. Ml non-zero digits and zeros between non-zero digits are 
significant. For example, 

© N76 m has three significant figures. 

* 0,56 g has two significant figures. 

* 4006 g has four significant figures. 

* 406 em has three significant figures. 

b. Zeros to the left of the first non-zero digit in a number are 
not significant, Such zeros indicate the position of decimal, 
For example, 

* 0.04 m has one significant figure. 
* 0.0063 Kg has two significant figures. 

e. Ifa number ends in zeros but these zeros are to the right of 
decimal point, then these zeros are significant. For example. 

e 6.0 m has two significant figures. 
* 6.40 m has three significant figures. 
e 5.400 g has four significant figures. 
* 0.0500 Kg has three significant figures. 
d. Zeros at the end or right ofa number are significant provided 


they are on the right side of decimal point, otherwise the 
Zeros are not significant. For example, 


* 0.400 g has three significant figures. 
* 200 g has only one significant figure. 

e. Exact numbers have an infinite number of significant 
figures. For example, in 4 chairs or 40 apples. there are 
infinite significant figures as these are exact numbers 
and can be represented by writing infinite number of 


zeros after placing the decimal. i.e.. 4 = 4.000000 or 
40 = 40.000000. 


f. If a number ends in zero but these zeros are not to the 
right of a decimal point, then these zeros may or may not 
be significant, e.g., 20600 g may have three. four. or five 
significant figures. This ambiguity is removed by expressing 
the value in an exponential form. The above mass can 
be written in three different exponential forms known a 
scientific notation as follows: 

* 2.06 x 10? g has three significant figures. 
or 

* 2.060 x 10" g has four significant figures. 
or 

* 2.0600 x 107 g has five significant figures. 

When numbers are written in scientific notation, the number 
of digits between | and 10 gives the number of significant figures 
Thus, in such cases, the significant figures of only the first tetor 
are counted. Note that all zeros to the right of a decimal point 
are significant. Thus, the general notation is V> 10", where \ 

a number with a single non-zero digit to the lett of the decimal 
point and n ~ an integer. 


The above method of expressing a number is called cro 
nential or scientific notation. 


Addition and Subtraction of Significant Figures 


The result should not have more digits to the right ot the decimal 
point than either of the original numbers, Por example, 
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22.22 " 7.6 x 10' = 18 , (197-79) 2,9 x 19! 
15.0 318x10^ 3.8 
2.024 
39244 f. SS (io) = 1,3 x 10! = 13.0 
In the above case, 15.0 has only one digit after the decimal 52x107 5.2 
point. So, the result should be reported only upto one digit after g. 7.65 x 102 + 2.72 x 10° = (7.65 + 2.72 ~ 10!) x 19? 
decimal point and therefore the result is 39.2. = (7.65 + 27.2) x 102 
E 2 
. Multiplication and Division of Significant Figures . Aaea eee 
For these two operations, the result should be reported with no h. (7.87 x 10%- 2.61 x 10?) 


more significant figures as are there in the measurement with the = (7.87 x 10%- 2.61 x 10% x 107!) 
few significant figures, e.g., 


4.5 x 2.15 = 9.67 = (7.87 x 10%- 0.261 x 107^) 
Since 4.5 has two significant figures, the result should not = (7.87 — 0.261) x 107^ = 7.609 x 104 
have more than two significant figures. Thus, the result is 9.6. — 
Similarly, for, 
69.7 + 4.576 = 15.2316 
The result is 15.2. 


ah 


ait uA T Rae ni Pin ON 2 PI 
ILLUSTRATION 1.2 


How many significant figures are there in each of the following 


numbers? 
a. m 
1.4. MBERS É 
7-46 ROUNDING OFF THE NUMBER Jk The sum of 16.4 + 0.3254 
a. lf the rightmost digit to be removed is more than 5, the d £12 x 7435 
preceding number is increased by 1, e.g., in 2.376, if 6 has P. TU RSE S l 
to be removed, then the preceding number 7 has to be round -d. 0.0075 


off to 8. So, the result should be 2.38. 


b. If the rightmost digit to be removed is less than 5, the 
preceding number is not changed, e.g., in 5.464, if 4 is to 
be removed then the result is 5.46. 


e 5.033 x 107 
f. 7.007 

6000 

c. If the rightmost digit to be removed is 5, the preceding ThessupnSOHior 19.3 — 0.4567 

number will not be changed if it is an even number, but it 

will increase by 1 if it is an odd number. For example, 7.75 


on a. Asmt= — =3.1428571..., hence it has infinite number 
is to be rounded by removing 5, increase 7 to 8 giving the mE 7 Nw 

result as 7.8. But if 7.85 is to be rounded off its result will of significant figures. 

be 7.8. b. 


The result should have upto one decimal point as in 
16.4. The sum is 16.7254. So, the result is 16.7. So. it 
Iu Aloe Fe RR has three significant figures. 

UELI St RATIUN 323; 8 E 


pee, | We "x / = 


| | c. Two significant figures. The product is 89.22. The result 
Calculate the following: 


is reported with least number of significant figures 
a. (67 » 105) » (4.6 » 10*) involved in the calculation (i.e., 12). 


b. (7.6% 107) x (3.8 x 1074) d. Two significant figures because the zeros on the lett of 
e (6.8 < 10°) x (5.2 x 104) the first non-zero number are not significant. 
d. (6.77 105) + (4.6 x 104) P: Four significant figures because the first term gives 
m : / the significant figures and the exponential term is not 
e. (7.67 10) * (3.8 x 10%) considered. 
f. (68»10?)-(5.27 104) f. Four significant figures because the zeros between the 
g. 765710 + 2.72 7 10? non-zero digits are significant figures. 
h. 7.87*104- 2.61 x 10? B. Four significant figures. But in scientific 
M or exponential notation significant figures vary, 
‘Sol. : " C-B. 6.0 x 10° has two significant figures, 6.00 x 10? or 
a. (6.7 x 4.6) (105^) = 30.82 7 10 6.000 x 10? has three 


| l or four significant numbers, 
b. (7.6 % 3.8) (1074) = 28.88 7 10° respectively, 

(6.8 x 5.2) (103-4) = 35.36 x 10 " | hree significant figures because the number with least 
E l significant figures involved in the c 


i has nif alculation (i.e., 19.3) 
six El x(10°°4) = 1.456 x 10! = 14,56. Ms three significant figures, 
4.6x10' 4.6 


—— 


same. 2.0 m = two significant qs es and hence its precision is 
0.1 part in 2, i.e., 50 ppt (parts per thousand). 2.00 m has three 


significant us and its precision is 0.01 parts in 2, i.e., 5 ppt. 
Hence, 2.00 m is more precise measurement than 2.0 m. 


Express the result of the following data to the appropriate 
number of significant figures. 
4.84 x 0.0744 
6.016 


— 4.84 x 0.0744 
— 6.016 

As 4.84 has least number of three significant figures, the 

result should contain three significant figures only. Hence, 

the result after rounding off is 0.0599. 


— 0.0598885 


The T= of copper is 7.8 g cm™ and its weight is 5.642 g. 
Report the volume of copper to correct decimal point. 


| Mass 5.642 A 
So. Volume = iad "c NM | 
Density 7.8 g cm” 


The result should have two significant figures because the 
least precise term (7.8) has two significant figures. 


= 0.7233 cm? = 0.72 cm? 


What is the number of significant figures in Avogadro’s number 


(6.0 x 1023) and Planck’s constant (6.62 x 104 J s). 
ISo Avogadro’s number (6.0 x 10”) has 2 significant figures 
while Planck’s constant (6.62 x 1034 J s) has three significant 
figures since only significant figures of 6.0 and 6.62 are 


considered. 


Express the following to four significant figures: 
i 6.58768 » 10° ii. 8.35783 
iii. 98.2350 iv. 0.003586 


v. 90000 
‘Sol. 

i. 6.587 < 105 and after rounding off 6.588 x 105. 

ii. 8.357 and after rounding off 8.358. 

iii. 98.23 and after rounding off 98.24. 
The rightmost digit to be removed is 5, and the preceding 
number is 3 (odd number), so it is increased by one. 

iv. 0.003586 (zeros after decimal point and to the left of a 
number are not significant). 

v. 9.000 x 104 


F ee aga 


Express the number 68000 in exponential notation which shows 
i. Two significant figures 
i. 6.8 x 104 (Two significant figures) 
ii. 6.80 x 104 (Three significant figures). 


ii. Three significant figures 
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An analytic balance has uncertainty in measurement equal to +1 
mg. Then report the result in terms of percentage if the weight 
of a compound is 


a.lg b. 10g c. 100g 


‘Sol. a. 1 € 0.1 % b. 10 € 0.01% c. 100 + 0.001 % 
The uncertainty in measurement is expressed in terms of 
percentage by putting + sign before it, e.g., 150 +1%, etc. 
Smaller the quantity to be measured, greater is the percentage 
uncertainty, and the instrument should be more precise for 
the measurement of smaller quantities. 

l 1 


1 
a Sat 100 — 
8= 10005 1000 10 


Some conversion factors 


=0.1=1240.1% 


— 


Table 1.6 From given unit to SI unit 


1 amu (or yj) = 1.66053 x 10?" kg 
1L-103m?-]dm? 
] atm = 760 mm or torr 

= 1.013 x 106 dynes cm? 

= 101325 Pa or N m? 
1 bar = 10 N m = 10? Pa 
1 torr or 1 mm = 133.322 Paor N m^ 
] erg- 10 J 
1 calorie = 4.184 J 
1 eV (electron volt) = 1.6022 x 107? J 
[9C - t 273.15. K | 
1A? 210m | 
ble 1.7 From given unit to another unit 
] kg = 1000 g 


v 


Ey 


| b | - 1000 mg 

| € | I metric ton = 1000 kg 

ae oe | 1b = 453.68 BN 
€ | | kg = 2.205 Ib m 
mou 1 L= 1000 mL = 1000 cm" | 


g. 1 L= 1.056 quarts — —— 


~ | quart = 0.9463 L 


| mile = 1760 yards 


~ Lyard=3 feet — 
] feet = 12 inches 
~ 1 inch = 2.54 cm 


| carat = 3.168 grains 
| g = 15.4 grains 
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1.5 DIMENSIONAL ANALYSIS 


Calculation involving the use of the dimensions of different 
physical quantities involved is called dimensional analysis. The 
method to convert a physical quantity given in one type of units 
into some other type of units is called factor label method or unit 
factor method. lt involves the following steps: 
a. First determine the unit conversion factor/factors, For example, 
for conversion of inches into centimetres or vice versa, 


1 m = 2.54 em 


lin 2.54 em 
Ce. m] ———— 
2.54 cm lin 


Similarly, for conversion of pounds (Ib) into kilogram (kg) 
or vice versa. 
l kg = 2.205 Ib 

|. lkg 2.205 lb 

“2205 7 | kg 
Thus quantities such as 2.54 em per inch or one inch per 
2.54 cm and 1 kg per 2.205 Ib or 2.205 Ib per kg, etc., are 
called ‘unit conversion factor’. If some number is multiplied 
by these unit factors, i.e.. l, it will not be affected in value. 

b. Multiply the given physical quantity with the unit 

conversion factor in such manner that gives the desired 
units, i.e., the numerator should have that part which is 
required in the desired result. 
For example, convert 6 inch into cm. Multiplying the unit 
conversion factor (containing cm. in the numerator) by 6 
to get the desired result. 


A 
6in= 6 if x SP 1524 om 


c. If the conversion involves various steps, each conversion 
factor should be used in such a way that the units of the 
preceding factor cancel out. 


Moreover, like other numerical parts, the units can be 
cancelled, divided, multiplied squared, etc. 
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Convert the following: 
a. 5L ofa solution into m? 
b. 4 days into seconds 
c, 200 lb into kilogram 
d. 2.00 km into miles 
(1 mile = 1760 yd, ] yd = 3 ft ] in = 2.54 cm) 
€. 0.400 carat into grams and kilograms 
(1 carat = 3.168 grains, and 1 g = 15.4 grains) 
f£. 20 km into inches (1 m= 1.094 yards (yd), | yd = 36 in) 
g. 40 Erm (exametre) (thickness of Milky way galaxy) into 
metre 
h. 1.4 Gm (gigametre) (diametre of sun) into metre 
i 41 Pm (petametre) (distance of nearest star) into metre 
] fg (femtogram) (mass of human DNA molecule) into 
kilogram 
k. 500 Mg (megagram) (mass of a loaded jumbo jet) into 


kilogram 


00 c loh a; 
1000 em! and | m 100 em whieh Bivey 


ea 100 cm 
—— n 
100 em H it fi 
, : above unit factors, tha 
To gel m? from the al "S, the firy 
id it is cubed, 


i nal W 
factor is taken 


3 3 | 

| Im | o a e = 
100 cm I0" cm 

Now, 5 L= 5 x 1000 cm? 


The above is multiplied by the unit factor 


if Im — 5m 
5x1000 gm x 10° 4 10° 
=5 x 103 m? 


| day = 24 hours (h), | h = 60 min, and | min = Gl, 
Iday _,_ 24h 


24h Iday 
lh 60 min 
°F 60 min ud Ih 
So, 4 days =......... IR seconds 


The unit factors can be multiplied in series in one ste 
only as follows: 


24K 60min 60s 
4 M ee i, 
Pea IK — yi 


— 4 x 24 x 60 x 60 s = 3456005 


1 kg = 2.205 Ib 
. 2.205Ib — Ikg 
"kg ~ 2.205 Ib 


Hence, 200 Ib = 200 W x EL = 90.7 kg 

2.205 J6 
I km 71000 m, 1m- 100 cm, 1 in=2.54cm 
| ft= 12 in, l yd 2 3 ft, | mile = 17605: 
* 2.00 km = 2.00 Jerry x 1000 sí. 100 orf 

| ert | á 

. ile 
2.54 off 12 in 3g 1700) 


_ _2.00 x 1000 x 100 
sA UUA x 100 
2.94 x 19 y 3x1760 

= 1.24 miles 


= 1.2427 


But the result is to be 


figures since the 
Significant figures 


: onifical! 
reported upto three signifi " 
fe 

least precise term (2.00) has "' 
l carat | 
proi AN 3.168 grains 
3.168 Brains ~ |= eem 
and — !g 
ind 5 B — = |. 154 grains 
3.4 prains B 


lg 


ae 3.168 graitis 
= a x ———— 
0.800 carat = 0.800 sar x — 1 c 


"E ae 
15.4 graifís 
" 0.800 x 3.168 x 1 -0l6g 
15.4 
j k 
0.16 g= 0.16 g x ——& = 0.0001 kg 
^ "1000 g 
The unit conversion factors are: 
1000 m awe | km 
lkm  . 000m 
1.094 vd lm 
and — = = 
im 1.094 yd 
361 ' 
l vd 36in 
1.094 
Thus, 8.0 km = 8.0 afi x 1000 xt 1094 yf 
dU gs 
, 36in 


= 315072 =3.1 x 10° in 
The result is to be reported upto 2 significant figures since 
the least precise term (8.0) has 2 significant figures. 
i Em (exametre) = 105 m 
105 m 


-. 40 Em = 40 Ef x on -4x10?m 


1 Gm (gigametre) = 10? m 
10? m 


p 4p aiedud = 14x 10° 
1.4 Gm x G xT oe 1.4x10°m 


| Pm (petametre)= 10'° m 


10? m 
- 41 Pm- 41x Pr x Yi -41 x 10!5m 


1 fg (femtogram)- 107? g and 1 kg = 1000 g 


wk, Ike 


^. 1 fg (femtogram) = 1 fé x ———— "1000 f 


= 10775 kg 
1 Mg (Megagram) = 10° g and 1 kg = 1000 g 


- ME ikg 
5 500 Mg- 596 ME xe opó g 


=5 x JØ kg 


Express the following in SI units: 
a. 6'10” 
c. 60 miles h“! 


b. 200 lb 
d. -20°C 
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e. 2.53 mm f. 7.85 mL 
g. 0.0528 in h. 52ug 

i. 5days h SL 

k. 14 Ib in? (atmospheric pressure) 


6.86 g cm * (density of a metal) 


I7 a. SI unit of length is metre. 


1 ft= 12 in 
6 10" = 12 x 6 + 10 = 82" or 82 in 


E 2.54 o 
+, 82 in = 82 
in= 82 ff x | in “100 F 
= 2.0828 m = 2.08 m 


SI unit of mass is kg. 


| lb = 454 g 


454g 
- 200 Ib = 200 
° BTE nT 


= 90.8 kg 


SI unit of speed is ms. 


60 miles — 60 pais o, 34 


Thour 3600s Ii 1 yf 
ae 2.54 otf Im 
ur d UM "100 oft 


=26.82ms!=268ms! 
SI unit of temperature is Kelvin 
-209C =-20 + 273.15 K = 253.15 K 
SI unit of length is metre (m). 


1 m = 100 cm, 1 cm = 10 mm 
Unit conversion factors are: 


Im =i 100 cm 
' 100cm = 1m 
l cm 10 mm 
and =]= 
10 mm lcm 
lm 
7. 2.53 mm = 2,53 mfa x Lerf 
10 mf * 100 ert 
-2.53x l0? m 


SI unit of volume is (metre)? or mè. 


def lm 


Te ae 100 orf 


7.85 mL= 7.85 mÉ x 


lm lm 
100 em — 100 om 


= 7.85 x 10% m? 


SI unit of length is metre (m). 


i 54 on 
0.0528 in = 0.0528 i 254 OM tm 
Lin — 100 ri 


1.341 x10? m 
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h. Sl] unit of mass is kg. 
and 1 ug (micro gram) = 10 ^g 


6 
52 ue = 52 yf E. Hs - 53 x 10 5 kg 

i. SI unit of time is second (s). 

24K 60min — 60s 

| day M 1K M 1 mifi 

= § x 24 x 60 x 60 s = 432000 s 


j Sl unit of volume is dm*. 


, 1000en"" Idm — ldm | Idm 
x —————— X X 


IY — log  lOgí 10g 


5 days = 5 days x 


-5L25E 


=5 dn 
k. Sl unit of pressure is kg m? and 1 kg = 2.205 Ib. 


14Ib 14% 1kg 1 


Lin? li? 2.20536 254 orf 
1 xí , 100 crf 100 orf 


x —————— 
2.54 orf Im 1m 


14 x 100 x 100 
~ 2.205 x 2.54 x 2.54 
= 9841.28 kg m? 
= 9841.3 kg m^ (rounding off) 
L ST unit of density is kg m^. 


686g 686g  lkg . 
lcm? V d 1000 ¢ 1m 
100 prf 100 gr 
lm Im 
6 
= m = 6860 kg m^ 


1.6 LAWS OF CHEMICAL 
COMBINATION 


The study of chemical reactions is governed by five basic laws. 


These are: 
a. Law of conservation of mass 
Law of constant composition or law of definite proportions 


b. 
c. Law of multiple proportions 
d. Law of equivalent, reciprocal, or combining proportions 


or weights 
e. Gay Lussac's law of gaseous volumes 
The first four laws are related with mass whereas the fifth Jaw 


is related with the volume of reacting gases. 


y: 6.1 LAW OF CONSERVATION OF MASS 
This law was studied by F rench chemist Antonie Lavoisier in 1789. 
It states that during the course of chemical processes, matter 
«« neither created nor destroyed. For example, if masses m an fa 
of substances A and B react to form masses x and y of substances 
of su A i 
C and D, respectively, then 
mtn=xty 


It follows that the total mass of reactants is equal to the tota] 
mass of products. 


JLLUSTRATION 1.12. 
Five grams of KCIO, yield 3.041 g of KCI and 1.36 L of oxygen 


at standard temperature and pressure. Show that these figures 
support the law of conservation of mass within limits of +0.4% 


error. 
ERRAT : 
"Sol. ) According to gram molecular volume law, 22.4 L of all 
gases and vapours at STP weigh equal to their molecular 
weights denoted in grams. 


32 z 1.36 


”. Weight of 1.36 L of oxygen at STP = 24 1.943 g 


Weight of KCI formed = 3.041 g (given) 
<. Total weight of product (KCI + O,) 
= 3.041 + 1.943 = 4.984 g 


Error = 5 — 4.984 = 0.01 6 g 


0.016 x 100 
5 


.. % error = = 0.32 


Hence, the law of conservation of mass is valid within limits 
of —0.4% error. Thus, the law is supported. 


C-12,H-1,0- 16). 


Sol. | Carbon and hydrogen in the hydrocarbon on combustion 
form carbon dioxide and water. From the formulae of CO. 
and H,O, the weights of carbon and hydrogen contained n 
0.44 g CO, and 0.9 g water, respectively, can be calculated 
as under: 
Molecular weight of CO, = 12 + 32 = 44 
Molecular weight of H,O = 2 + 16 = 18 


2 x 0.44 
Weight of carbon in 0.44 g of CO, = DUE 202g 
— z 0.10g 


Weight of hydrogen in 0.9 g of H,O = 2 x T 


c 


Total weight of C and H in the hydrocarbon atter combustion 

=0. 12 +0.10 = 0.22g 

Since the weight of carbon and hydrogen after combustion 
is the same as the weight of hydrocarbon (containing carbon and 
hydrogen only) after combustion, the results are in accordance 
with the law of conservation of mass. 
46.2 LAW OF CONSTANT OR DEFINITE COMPOSITION 

OR PROPORTIONS 
This law was studied by French chemist Joseph Proust (1799). 
It states that the same compound is always composed. of the 

same elements combined together in the same or fixed proportions 
by weight. m 


_ Thus, if hydrogen and oxygen unite to form water, no matter 
in whatever way and at whichever place it is produced, it is always 


D.. 


composed of these elements combined together in the same 


proportion by weight. So, chemical compounds have always a 
definite composition by weight. 


Note: Law of constant composition is not true 
of compounds but true only for the compounds obtained 
from one isotope. For example, three isotopes of carbon are 
C", CP. and CH. When it forms CO, from C". the ratio of 
masses is 12: 32 = 3 : S. But from CË and Ci thc ratio are 

4:32 (= 7 : 16), which is not same 


Jor all types 


13:22and l 
first case. 


JRLUSTRATION 1.14. 
0.7 g of iron reacts directly with 0.4 g of sulphur to form ferrous 
sulphide. If 2.8 g of iron is dissolved in dilute HCI and excess 
of sodium sulphide solution is added, 4.4 g of iron sulphide is 
precipitated. Prove the law of constant composition. 


as in the 


“Sol. The ratio of the weights of iron and sulphur in the first 


sample of the compound is Fe : 8::07:040r7 :4. 
According to the second experiment, 2.8 g of iron gives 44g 
ferrous sulphide. or 2.8 g Fe combines with S = 44 28 
=1.6g 


Therefore, the ratio of the weights of Fe: S :: 2.8 : 1.6 


or 7:4. 


Since the ratio of the weights of the two elements is same in 
both the cases, the law of constant composition is true. 


l 


-375 g of cupric oxide was reduced by heating in a current of 
hydrogen and the weight of copper that remained was 1.098 g. 
In another experiment, 1.179 g of copper was dissolved in nitric 
acid and the resulting copper nitrate converted into cupric oxide 
by ignition. The weight of cupric oxide formed was 1.476 g. 
Show that these result illustrate the law of constant composition. 


Sol First case: 
Copper oxide taken = 1.375 g 
Copper left = 1.098 g 
-. Oxygen present = 1.375 g — 1.098 = 0.277 g 
0.277 x100 


Hence, % of O in CuO = 1.375 


= 20.14 


Second case: 

Copper taken = 1.179 g 

Copper oxide formed = 1.476 g 

~. Oxygen present = 1.476 g — 1.179 = 0.297 g 

0.297 «100 
1.476 


Hence, percentage of oxygen is same in both of the above 
cases, so the law is proved. 


Hence, % of O in CuO = = 20.12 


112 mL of hydrogen combines with 56 mL of oxygen to form water. 
When 224 mL of hydrogen is passed over heated cupric oxide, the 
cupric oxide loses 0.160 g of its weight. All volumes are measured at 
STP. Show that the result agrees with the law of constant composition 
(22.4 L of hydrogen and oxygen at STP weigh, respectively, 2 g and 
32 g). 
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Sol First case: 


Weight of 112 mL of H, at srp | 2 * 2 


— 20.0] 
Mo "^ 
; i 56 » 
Weight of 56 mL of O, at STP - Laia =0.08 g 
22400 


Second case: 


Weight of 224 mL of H, at STP = ade 0.02 g 


22400 — 
Weight of oxygen taken away from cupric oxide by 224 mL 
or 0.02 g of H, at STP = 0.160 g 


Weight of oxygen that combines with 0.01 g of H, in the 
0.160 x 0.01 

0.02 
Thus, the two weights of oxygen that combine with the same 


weight of hydrogen are same in the two cases. Hence, the 
law of constant composition is proved. 


second case = = 0.08 g 


4«6.3 LAW OF MULTIPLE PROPORTIONS 
This law was studied by John Dalton (1803). 


It states that if two elements combine togeth 
compounds, then the weight of one of these element; 
combines with a fixed weight of the other, are in ratio of simple 
whole numbers, ~~ ——— oo T 


For example, sulphur combines with oxygen to form SO, 
and SO,. According to the law, the weights of oxygen that should 
combine with a fixed weight of sulphur, say 32 parts, should be in 


` a simple whole number ratio to each other. Actually, in SO, and 


SO,, the weights of oxygen that combine with 32 parts (atomic 
weight) of sulphur are in the ratio of 32 - 48 or 2 : 3. Similarly, 
carbon combines with oxygen to form carbon monoxide (CO) 
and carbon dioxide (CO,). The weights of oxygen that combine 
with 12 parts by weight of carbon in the two compounds are in the 
respective ratio of 16 : 32 or 1 : 2. Thus, the law is true. Similarly, 
if the weights of carbon that combine with the same weight of 
oxygen, say 16 parts, be calculated in the compounds, carbon 
monoxide and carbon dioxide, they will be in the ratio of 12 : 6 
or 2: 1. The ratio being simple, the law is equally true in this way. 


MY. 
ILLU 


ISTRATION 1.17. 
Elements X and Y form two different compounds. In the first 
compound, 0,324 g X is combined with 0.471 g Y. In the second 
compound, 0.117 g X is combined with 0.509 g Y. Show that 
these data illustrate the law of multiple proportions. 


In the first compound: 

0.324 g of X combines with 0.471 g of Y. 

In the second compound: 

0.117 g of X combines with 0.509 g of Y. 

Therefore, 0.324 g of .Y combines with the weight of Y 
0.509 x 0,324 


= = 14095 g 
0.117 


Now, the weights of Y that combine with the same weight 
of X, i.c., 0.324 g of it, are in the ratio of 0.471 : 1.4095 or 
| : 3. The ratio, being simple, illustrates the law of multiple 
proportions. 


[a cR OBERE NOE ES 
An element forms two oxides of 2.900 g and 2.250 g of these 
oxides each was found to contain 1.12 L of O, at STP. Which 
law of chemical combination is illustrated by these data? 
Sol. According to gram molecular volume law, 22.4 L of all 
| gases at STP weigh equal to their molecular weights denoted 
in grams. Hence, the weight of 1.12 L of oxygen at STP 


32 x 1.12 


zc ed 00 E 


€ 


In the first oxide: 

Weight of oxide = 2.900 g; weight of O = 1.600 g 

z. Weight of the element = 2.900 — 1.600 = 1.300 g 

In the other oxide: 

Weight of oxide = 2.250 g; weight of O = 1.600 g 

Weight of element = 2.250 — 1.600 = 0.650 g 

Thus. the weights of the element that combine with the 
same weight of oxygen in its two oxides are in the ratio of 


1.3 : 0.065 or 2 : 1 a simple ratio. Hence, it illustrates the 
law of multiple proportions. 


Carbon combines with hydrogen to form three compounds A, B, 
and C. The percentage of hydrogen in A, B, and C is 25, 14.3, 
and 7.7, respectively. (a) Find the empirical formulae of the 
compounds. (b) Which law of chemical combination does this 
example illustrate? How? 


ES 


a. Element A B C 
Carbon 75% 85.7% 92.3% 
Hydrogen 25% 14.3% 7.7% 


Atomic ratios: 


75 25 85.7 143 
Carbon : Hydrogen ipe] ——1—— 
12 ] ]2 1 12 4 


or 6.25:25 7.14: 14.3 TESTI 
or 1:4 1:2 ]:1 
“Empirical | CH, CH, CH 
formulae | 


b. Since the number of H atoms or the weights of H that 
combine with one atom or 12 parts by weight of carbon 
in the three cases bear a simple ratio of 4 : 2 : 1, hence, 
the law of multiple proportions 1s ilJustrated. 

ILLUSTRATION 3.20. 
Two oxides of a metal contain 27.6% and 30.0% of Oxygen, 
respectively. If the formula of the first be M.O,. Find that of 


the second. 
| Sol. ) First oxide 


Metal = 72.4% Metal — 70.0% 
Formula =’ 


Second oxide 


Oxygen 


Formula = M4O, 


Let the atomic weight the metal be x. 


E 


Therefore, percentage by weight of the metal in the 
compound M,O, 


3x xx 100 
= = 72.4 (given) 
3x + 64 (8 


Hence, x = 55.97 = 56. 


Thus, having known the atomic weights of the metal and 
oxygen, empirical formula of the second oxide can be worked 
out as under: 


Element % Atomic Least Whole 
ratio ratio number 
ratio 
. 30.00 1.88 
] 00 ——2188 ——-zl.5 
Oxygen 30.0 T 125 
70.00 1.25 
00 ——2125 ——-1 2 
Metal 70 56 125 


Thus, the formula of the second oxide is M5O,. 


If the masses of Mn and O are in the ratio of 55 : 16 in MnO, 
what is the ratio of O that combines with the same mass of Mn 
in MnO, and Mn50;? 

Soli) In MnO, 1 atom of Mn combines with 1 atom of O (16). 


Therefore, in MnO,, 1 atom of Mn will combine with 
16 x 2 = 32 parts of O. Again 2 atos of Mn combine 
with 7 atoms or 7 x 16 = 112 parts of O in Mn,O.. Hence, 
] atom of Mn will combine with 112/2 = 56 parts of oxygen. 
The ratio of O that combines with the same mass of Mn is 
MnO,; Mn,O, : : 32 : 56, i.e., 4 : T. 


1.6.4 LAW OF EQUIVALENT, RECIPROCAL, OR 
COMBINING PROPORTIONS OR WEIGHTS 
This law was studied by Richter (1792). 


It states that if two elements A and B combine with a fixed 


mass of element C to form-two compounds, then the ratio of A and 
B in these compounds is same or simple multiple of the ratio when 
they combine with each other. 

The weights ofthe elements that combine with a constant weight 
of a standard substance (say, hydrogen, oxygen, or chlorine) are called 
their equivalent or combining weights. Also, according to the law. 
e react together in the ratio of their combining or equivalent 
weights or their multiples or sub-multiples. Reverse of the law of 
reciprocal pr ions i "equi 

ciprocal proportions is thus the law of equivalent proportions. 
In simple words, the |: ' equi 
"M mple words, the law of equivalent proportions may be 
defined as under: l 
Substances react together in the 


weight. ratio of their equivalen 


C 


AC BC 


- SO;or SO. 
à AB 


C i #73 ;”}» 


a, 
This law is also defined as under : 
If two elements A and B c mbine with another element C, they 


will combine with onc another in the same ratio or a multiple or 
sub-multiple of the ratio in which thev combine with constant or 
fixed weight ofc. 

——— The law may be explained as under: 
combine with hydrogen to form sulphuretted hydrogen and 
and O that combine with the same 


sulphur and oxygen 


water. The weights of S 
weight of H (say. 2 parts) in these two cases ate 32 parts and 16 


parts. respectively. Now, according to the law, if S and O were 


to combine with cach other, they will do so in the ratio of 32 


16, ie. 2: Lor a multiple or a sub-multiple of this ratio. In 


.32 or l : l. This latter ratio, ie. 1: lis related with the ratio 
of S and O. that combines with the same weight of hydrogen, 


as determined above, ie. (2: 1) as l: 2. Similarly, in SO,, 32 
parts of S combine with 48 parts of oxygen, the ratio of S : O is 
32: 48 or 2 : 3. is also related to the ratio (2 : 1) as three times 
this ratio. The ratio, i.e. (2 : 3), in SO, is also related to the ratio 
(1: Din SO, as 2: 3. Thus, these ratios are simple sub-multiples, 
viz. 12 and 1 3. of the first ratio, and this is in accordance with 


the law. Examples that follow will illustrate the above points still 


Ammonia contains 82.35% of nitrogen and 17.65% of hydrogen. 


Water contains 88.90% of oxygen and 11.10% of hydrogen. 


a. Ammonia contains 
N = £2.35 parts, H = 17.65 parts 
Now, the weight of nitrogen that combines with 1 part by 
82.35 


'ei 'H in NH, = ——— = 4.67 
weight of H in NH, 17.65 


b. Water contains 
H = 11.10 parts, O = 88.90 parts 
Weight of oxygen that combines with ] part by weight 
85.90 


i = ——= 8.0] 
of H in H,O 11.10 


In the two compounds NH, and HO, weights of nitrogen 
and oxygen that combine with the same weight, i.e., 


1 part by weight of hydrogen, are in the ratio of 


4.67 : 8.01 or 1 : 1.71 (ratio J). 
c. Nitrogen trioxide contains 
N = 36.85, O = 63.15 
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In this compound, the ratio of the weights of nitrogen to 


oxygen is 36.85 : 63.15 or 1: 1.71 (ratio IT). 


Ratios (D) and (II) being the same, these data illustrate the 


validity of the law of reciprocal proportion. 


ILLUSTRATION 1.23 
Show that the results given below taken together illustrate a law 
of chemical action: (a) 0.46 g of magnesium produces 0.77 g of 


magnesium oxide, (b) 0.82 g of magnesium liberates 760 mL 


of hydrogen at STP from an acid (weight of | mL of hydrogen 


at STP = 0.00009 g), and (c) 1.25 g of water results from the 
union of 1.11 g of oxygen and hydrogen. 


Mg 


MgO H;O 


O H 
H;O 


a. Magnesium oxide contains 
Mg = 0.46 g, O = 0.77 - 0.46 = 0.31 g 


Therefore, weight of oxygen that combines with | g of 


b. 0.82 g of Mg liberates H, = 0.00009 x 760 = 0.068 g 
Thus, the weight of H, that will be liberated by 1 g of 


0.068 
9995 0083 
Me = 082 E 


According to (a) and (b), the ratio of the weights of O : H 
that combine with or is displaced by the same weight of 
magnesium is 0.674 : 0.083 or 8 : 1. 

Again, according to (c), 1.25 g of water contains O = 1.11 g 
and H = 1.25 - 1.11 2 0.14 g 

Therefore, The ratio of O : H : : 1.11 :0.14 0r 8:1 

Hence, the ratio being the same, the law of reciprocal 


proportions is illustrated. 


ILLUSTRATION 1.24 


Aluminium oxide contains 52.9% aluminium and carbon 
dioxide contains 27.27% carbon. Assuming the law of reciprocal 
proportions, calculate the percentage of aluminium in aluminium 


carbide. 


“Gol, | Aluminium oxide contains: Al = 52.9 parts; O = 47.1 parts 


Carbon dioxide contains: C = 27.27 parts; O = 72.73 parts 
According to the law of reciprocal proportions, the weights 
of Al and C that would combine with each other to form 
aluminium carbide would either be the same or simple 
multiple of their weights that combine with the same weight 
of oxygen in aluminium oxide and carbon dioxide. 
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Hence, the weight of carbon that would combine with 
27.27 x 47.1 


=17.62 , as also, 
72.73 


47.1 g of oxygen in CO, = 


in aluminium oxide, 52.9 g of Al combine with 47.1 g of 


oxygen. 


Thus, aluminium and carbon should be present in aluminium 
carbide in the ratio of 52.9 : 17.62, i.e., 3 : 1 or a simple 
multiple of this ratio. Hence, in aluminium carbide, percent 


52.9 x 100 
staja = eed 
70.52 


—————— a cae gma a A 


36.5 Gay LUSSAC'S LAW OF GASEOUS VOLUMES 
This law was studied by Gay Lussac in 1808. 

It states that when gases react together, they do so in volumes 
which bear a simple ratio to one another and also to the volumes 
of the products, if gaseous, all measurements being made under 
similar conditions of temperature and pressure. 


It is found by experiments that when hydrogen and chlorine 
combine together to form hydrochloric acid gas, equal volumes 
of H, and Cl, combine to produce double the volume of HCI gas 
under ordinary conditions. Thus, 1 volume of H, combines with 
1 volume of Cl, to form 2 volumes of HCl gas, i.e., their ratio, by 
volume, viz., 1 : 1 : 2, is simple and that is in accordance with 
the law. Similarly, it is found that 2 volumes of carbon monoxide 
combine with 1 volume of oxygen to form 2 volumes of carbon 
dioxide. Their ratio by volume, viz., 2 : 1 : 2, is also simple and 
is in accordance with the law. 

With the help of equations and the application of Avogadro’s 
hypothesis, problems involving volumes can be solved. 


Air contains 21% oxygen by volume. Calculate the theoretical 
volume of air which will be required for burning completely 
500 cubic ft of acetylene gas (C,H,). All volumes are measured 
under the same conditions of temperature and pressure. 


— 4CO, + 2H,O (steam) 


BS CH, + 50, 
2 vol 5 vol 4 vol 2 vol 

(Here, the ratio of the reacting molecules and those of the 
products is taken as the ratio of their volumes. This is in 
accordance with Avogadro's hypothesis—equal volumes 
of all gases under similar conditions of temperature and 
pressure contain equal number of molecules or its reverse, 
namely, equal number of molecules under similar conditions 
of temperature and pressure occupy equal volumes, is equally 
true). The ratio by volumes of reactants and products is 
apparently simple. 
According to the above equation: 


2 volumes of acetylene require 5 volumes of O, for 


combustion. 
+ 500 cu. ft. of acetyl 


5» 500 1550 cu. ft 
2 


ene will require O, 


Hence, the quantity of air required 


" 100 x 1250 _ 5952.38 cu. ft. 
i 2] 


E —OEOuE 


ILLUSTRATION 1 N^) 


One volume of a gascous compound containing carbon, 
hydrogen, and oxygen was burnt in the presence of e volumes 
of oxygen. The resultant gases contained 2 volumes of carbon 
dioxide and 2 volumes of stcam. Find the molecular formula 
of the compound, if all the volumes were measured under the 


same conditions of temperature and pressure. 


SOL.) Let the formula of the compound be C, H,O.. 


Combustion may be represented as under: 


“E , n — Carbon dioxide + Stream 
CHO, + Oxygen — Ca 


| vol 2 vol 2 vol 2 vol 


By Avogadro's hypothesis: 

| mol 2 mol 2 mol 
or 2 atoms C 
and 4 atoms O 


Now, 2 molecules of CO, contain 2 atoms of carbon and these 
must have come from the compound. Hence, value of x =2, 
Again, 2 molecules of steam contain 4 atoms of hydrogen 
and they, too, have come from the compound. Hence, the 
value of y = 4. 


By the comparison of oxygen atoms on both sides of the 
above equation, the value of z works out to be 2. 


Hence, the molecular formula of the compound is C,H,0,. 
o mms 


4.7 DALTON’S ATOMIC THEORY 


Matter is composed of small indivisible particles called 
‘a-tomio’ (meaning indivisible) (given by Domocritus, a Greek 
Philosopher, 460—370 BC). 


However, to describe the structure of matter which could 
explain the experimental facts about elements, compounds, and 
mixtures and also the laws of chemical combinations, John Dalton. 
in 1808, published ‘A New System of Chemical Philosophy’ in 
which he proposed the following concepts: 


2 mol 
or 4 atoms or 4 atoms C 
and 2 atoms O 


a. Matter consists of very small indivisible particles called atoms. 

b. All the atoms of same elements have identical properties 
including size, mass, and shapes. 

c. Atoms of different elements have different masses and also 
have different chemical properties. 

d. When atoms of same or different elements combine 
together to form compounds, they combine in à fixed 
ratio, a simple whole number ratios, such as 1 : 1. 1:7 
2:1,2:3, etc. 

e. Atoms of two elements may combine in different ratios 
to form more than one compound, e.g., carbon combines 
with oxygen to form CO and CO, in 1:1 and 1:2 ratios 
respectively., Similarly, sulphur combines with oxygen © 

cae aca dim TS, 4 espectively. r 

eactions are neither created 1? 
destroyed but they get reorganised. 

p. An atom is the smallest particle which takes part i" ) 
chemical reaction, i.e., fractions of atom do not take P?" 
In chemical reaction. 


Dulton's theory c . i 
‘theory could explain the laws of chemical combinatio": 


DD 


p 


— 


1.7.4 EXPLANATION OF 
a COMBINATIONS BY 


tion of mass: Matter consists of atoms 
a 3 Ag e A 

j can neither be created nor destroyed 
‘ i 1 "(NI ` " 
atter can neither be created not 


THE LAWS OF CHEMICAL 
DALTON'S THEORY 


a. Law of conserv 
(postulate a) an 
(postulate f). Hence, m 
destroyed. u 

b. Law of constant composition: Postulates (d) and (e) explain 

this law. 


Law of multiple proportions: Postulate (e) explains this law. 


d. Law of reciprocal proportions: Since atoms combine with 
each other in simple ratio (postulate C), therefore, ratio ol 
all the atoms involved is simple or some simple multiple 


of each other. 


1.7.2 LIMITATIONS OF DALTON’S ATOMIC THEORY 


The main limitations of Dalton's atomic theory are: 

It explains the law of chemical combination by mass but 

^ does not explain the law of gaseous volumes. 

b. It does not explain why atoms of same or different elements 

^ combine to form molecules. 

c. It does not explain why atoms of different elements have 

different masses, sizes, valencies, etc. 

d. It does not distinct between the ultimate particles of an 

element or a compound. 

e. It does not explain the nature of binding force between the 
atoms of molecules responsible for the existence of matter 
in solids, liquids, and gases. 


1.8 ATOMIC MASS 


The mass of an atom or the atomic mass is very small since atoms 
are extremely small. In the 19th century, scientists could determine 
the mass of one atom relative to another by experimental means. 
The atomic masses of all the elements were obtained by comparing 
with mass of lightest element, i.e., hydrogen taken as 1 (without 
any units). 

Presently. mass spectroscopy is used for determining the 
atomic masses very accurately. However, the present system of 
atomic masses is based on carbon-12 (!?C), an isotope of carbon, 
as the standard and has been agreed upon in 1961. 

2C is assigned a mass of exactly 12 atomic mass unit (amu) 
and masses of all other atoms are given relative to this standard. 


One atomic mass unit is defined as mass exactly equal to 
1/12th the mass of one carbon-12 atom. 


12 


" | amu = —————— 
12» 6.022 + 10? 


= 1.66056 x 10% g 


= 1.66056 x 107?! kg 
Mass of an atom of hydrogen = 1.6736 » 10-24 g 
1.6736 » 107^ g 
1.66056 «10774 g 
= 1.0078 amu = 1.008 amy 
Mass of oxygen-16 (160) in amu = 15.995 amu 
Presently, ‘amu’ has been replaced by ‘u’ known as unified mass. 


Mass of H-atom in amu = 
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1.8.1 Average Atomic Mass 


g the atomic masses of clements, av 


aken. Various naturally occur 
atomic mass of an 


erage atomic 


In calculatin ring elements 


masses of elements are { 
ati n 


more than onc isotope. The average 
[V l | 

rmined by taking in 
ative percent occurrence. For examp 
alculated from the data 


hav 
clement is dete | 
these isotopes and their rel | 
tomic mass of carbon 1s € 


to account the existence of 
le, 


the average € 
piven below: 


i stopi —. Relative Atomic mass 
abundance 
2C | 98,892 u 
BC 1,108 13.00335 
HC «1099 | 140087 


= (0.98892)(12 u) + (0.01108)(13.00335 u) 
+ (2 x 10712)(14.00317 u) 


=12.0llu 
Chlorine is a mixture of two isotopes with atomic masses 

35u and 37u and they are present in the ratio of 3:1. 
35x3437x1 


Therefore, average atomic mass of Cl = 34] =35.5u 


Similarly, the average atomic masses of other elements can 
be calculated. 


1.8.2 GRAM ATOMIC MASS 


The atomic mass of an element expressed in grams is called Gram 
atomic mass. It is also called one gram atom. 
Atomic mass of sodium = 23 amu 
Gram atomic mass or one gram atom of sodium = 23 g 
Atomic mass of oxygen = 16 amu 
Gram atomic mass or one gram atom of oxygen = 16 g 


3.8.3 MOLECULAR MASS 


Molecular mass is the sum of atomic masses of elements multiplied 
by the atomic mass of each element by the number of its atoms 
present in a molecule. For example: 


Molecular mass of ethane (C,H,) = 2(12.011 u) + 6(1.008 u) 
= 30.07 u 
Similarly, molecular mass of sucrose (C,,H,,0,,) is: 
= 12(12.011 u) + 22(1.008 u) + 11(16.00 u) 
= 144.1324 + 22.176 + 176 
= 342.308 u 


Calculate molecular mass of the following molecules: 
à. Sulphuric acid (H,SO,) 
b. Glucose (€ oH 140) 
e Methane (CH,) 
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a Molecular mass of H,SO, 

= 2(1.008 u) + 32.0 u + 4(16.0 u) 

= 2.016u+ 32.0u+ 64.0 u = 98.016 u 
b. Molecular mass of C,H 40, 

= 6(12.011 u) + 12(1.008 u) + 6(16.00 u) 

= 72.066 u + 12.096 u + 96.00 u = 180.162 u 
€. Molecular mass of CH, 


= (12.011 u) + 4(1.008 u) = 16.043 u 


u————  ———————————— 


1.8.4 GRAM MOLECULAR Mass 


The molecular mass of a compound expressed in grams is called 
gram molecular mass. The amount of the compound is also called 


one gram molecule, e.g., gram molecular mass of C,H,,0, or one 
gram molecule of C.H,,0, = 180.162 g. 


1.8.5 FORMULA Mass AND GRAM FORMULA Mass 


Tonic compounds, e.g., NaCl, KCl, KNO,, ZnS, CaF,, etc., do 


not contain discrete molecules as their constituent particles but 


exist as ions. Each ion is surrounded by a number of oppositely 


charged ions. In NaCl, each Na? ion is surrounded by 6CI9 ions 
and vice versa. Similarly, in ZnS, each Zn?* 


ion is surrounded by 
4S-- ions and vice versa. Hence, in such case 


s, the formula is used 
to calculate the formula mass instead of molecular mass. Like the 


molecular mass, formula mass is calculated by adding the atomic 
asses of the atoms present in one formula unit, e.g., 
Formula mass of NaCl 

= Atomic mass of Na + Atomic mass of C] 

= 23.0 u + 35.5 u = 58.5 u 


Formula mass of a substance expressed in grams is called 
gram formula mass. 


1.9 MOLE CONCEPT 


In SI system, mole (symbol, mol) was introduced as the seventh 
base quantity for the amount of a substance. 


One gram atom of any element contains the same number 
of atoms and one gram molecule of any substance contains the 
same number of molecules. This number has been experimentally 
determined and found to be equal to 6.022137 x [023 correct up to 
7 significant figures. However, the value generally used is 6,022 x 
107? and is called Avogadro number or constant, denoted b 


y (N, 
or N) in honour of Amedeo Avogadro. 


Thus, amount of substance containing Avogadro’s number of 
, = 


atoms or molecules is called a mole. Hence, a mole is a chemist’s 
-init for counting entities at the microscopic level, such as atoms, 
‘molecules, ions, electrons, protons, neutrons, ete., just as one dozen 
"for 12 items, score for 20 items, gross for 144 items, 
— Thus, one mole is the amount of a substance that contains 
ny entities or particles as there are atoms in exactly 
12 4 (or 0.012 kg) of the '*C isotope. 


"ES ate RESTE RR 

To determine the number precisely, the mass of a C-12 was 
determined by a mass spectrometer and found to be equal to 
1.992648 x 10°25 g. 


Number of atoms in onc mole of carbon 


12 g mol of ?c 
~ 1.992648 x 103 g (1 C atom) 
= 6.0221367 x 1073 atoms mol"! 
= 6.022 x 1073 atoms mol! 
(rounding off to 4 significant figures) 
Thus,1 mol (or 1 g atom) of C atoms = 6.022 x 1023 C atoms 
| mol (or 1 g atom) of Na atoms = 6.022 x 1023 Na atoms 
1 mol (or 1 g molecule) of H,O molecules 
= 6.022 x 102 water molecules 
1 mol (or 1 g molecule) of NaCl molecules 


= 6.022 x 10? formula units of NaC] 
1941 MOLAR MASS 


The mass of one mole of. a substance in grams is called its molar 
mass. 


The molar mass in grams is numerically equal to atomic or 


molecular formula mass in u. Units of molar mass are g mol! or 
kg mol. 


Molar mass of CO, = 12.011 + 2(16.0) = 44.011 g mol! 
Molar mass of NaCl = 23.0 + 35.5 = 58.5 g mol! 


SOON IRE a 
Me v B 
= m «c 


SA 


Lalculate molecular mass of glucose (C,H,,0,) molecule. 


Soll) Molecular mass of glucose (C,H, ,0,) 
= 6(12.011 u) + 12(1.008 u) + 6(16.00 u) 


= (72.066 u) + (12.096 u) + (96.00 u) 
= 180.162 u 


1.9.2 MoLAR VOLUME 
According to Avogadro's h 
Bases under simil 
contain equal num 
(standard temper 
contains N mol 


ypothesis, equal volumes of different 
ar conditions of temperature and pressure 
ber of molecules. Thus, 1 mol ofany gas at STP 


ature and pressure), viz., | atm and 273 K (0°C) 
ecules (6.022 x 1023), 


Alternati eer eee 
- ternatively N , molecules of any gas at STP have the same 
STRA. This volume has been experimentally found to be 22.4 L at 
lj pen eh a K or 1.01 bar, 273 K) and is called molar volume. 
neral, molar volume of any pas ; 

as Is the v of 

a pas at STP. ys olume of one mole 

l'or example, 
! mol of O, pas — 12 


2 = N, molecules = 
! mol of CO 


22.4 L of volume at STP 


22.4 L of volume at STP 
t Number: The numb 
mM Of an ideal gas at grp Lumber of molecules present 
Bas at STP : 
_ 6.022 x 1923 IS called Loschdmidt number 
22400 mL ^ 2-69 x 10!9 


2 BAS = 44 = N , molecules = 


1 be summarised as: 


Thus, mole concept cal 
| mol (or 1 g atom) of any element 
= N, atoms (6.022 x 107) 
— Gram atomic mass of the element 
| mol (or 1 g molecule) of any compound 
= N į molecules (6.022 x 1023) 
= Gram molar mass of the compound 
| mol of any gas 
= N , molecules = Gram molar mass of the gas 


— 224 L volume of gas at STP 


In 4 g atoms of Ag, calculate 


a. Amount of Ag. 


b. Weight of one atom of Ag (atomic weight of 
Ag = 108). 


a. 4g atom=4 mol of Ag 
] mol of Ag = 108 g 
4 mol of Ag -108x4- 432g 
b. 1 mol of Ag = 6.022 x 10? atoms 


-. 6.023 x 102 atoms > 108 g 


108 — 51793 102g 


| atom > —————- g 
6.022 x 107 


How many g atoms are there in one atom? 


] atom = 


6.023 x 102 atoms = 1 g atom = 1 mole 
1 


6.023 x 10” 
= 1.66 x 107^ g atom or mol 


How many years it —" take to spend Avogadro's number of 
rupees at the rate of 10 lakh rupees per second? 
10 lakh = 10 x 100000 = 10° 
1 Avogadro's number of rupees = 6.023 x 10^ 
10° rupees = 1 s 
1 x 6.023 x 107 . 


6.023 x 107? = 
rupees 108 


6.023 x 10? 


cur aum a FR ads 
10° x 60 x 60 x 24 x 365 


= 1.9099 » 10!° years 


From 200 mg of CO,, 102! molecules are removed. How many 
grams and moles of CO, are left. 


44 g of CO, = 1 mol = 6.023 x 10? molecules 
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un^ 6.023 x 10? molecules = 44 g of CO, 
40 x 107! x 10° 


40x10" x10" — 
6.023x102 "S 


102! molecules = 


Weight of CO, left = 200 — 73.05 = 126.9 mg 


1269 
= —4- -0.1269g 
10° 


44 g of CO, = | mol 


| 
0.1269 g of CO, = 21 1269 — 0.0028 mol 


| Cem the -— of Cl and Ca?" ions in 222 g anhydrous 
CaCl.. 


JG 1 mole of CaCl,= 40 + 35.5 * 2-]llg 


CaCl, —9 Ca? + 20° 
1 mol | mol 2 mol 
a. 111 g of CaCl, = 1 mol of Ca?* 

222 g of CaCl, — 2 mol of Ca?* 
b. 111 g of CaCl, = 2 mol of Cre 


222 g of CaCl, = — x 222 = 4 mol of Cl” 


Therefore, number of Ca?* ions = 2 x N 
=2Nor2 x 6 x 6.023 * 107 


Number of of CI? ions = 4 x N 
= 4N or 4 x 6.023 x 1073 


The dot at the end of this sentence has a mass of about one 
microgram. Assuming that black stuff is carbon, calculate 
approgumate atoms of carbon needed to make such a dot. 


Goi.) 1 micro gram = 1 ug 105g 


1 mole of C = 12 g = 6.023 x 10? atoms 


12 g of C = 6.023 x 10? atoms 


6.023 x 10? x 10°° 


10$ g of C= = 5 x 10!6 atoms of C 


r uad Bad 
LLUS TR Tier 


Calculate mass of sedium suit contains same number of atoms 
as are present in 4 g of calcium (Atomic weight Na = 23, 
atomic weight Ca = 40) 


a. 40 g of Ca = 6.023 x 10? atoms 
4 g of Ca = 6.023 x 10°* atoms 
b. 23 g of Na = 6.023 x 10? atoms 
7, 6.023 x 1073 atoms of Na 
=23 g 
= 6.023 x 102? atoms of Na 
-23g 


| m 
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Calculate the number of moles in each of the following: 
a. l1gof CO, 
b. 3.01 x 102 molecules of CO, 
c. 1.12 Lof CO, at STP 

|. a. 44g of CO,=1 mol 


l l 
l1 of CO, = —xll=- = 
g 27 44 " 0.25 mol 


b. 6.023 x 102? molecules = 1 mol 


: 1x 3.01 x 10? 
3.01 x 102 molecules = ee = 0.05 mol 
6.023 x 10 
c. 22.4LofCO,=1 mol 
1 x 1.12 
1.12 L of CO, = = 0.05 mol 
nF 393 
Calculate the mass of the following: 
a. One atom of calcium 
b. One molecule of SO, 
a. 6.023 x 1073 atoms of Ca = 40 g 
40 
c 66x107 
] atom of Ca => nF g 
b. 6.023 x 102 molecules of SO, => 64g 
1 molecule 6023x1 02 


— 1.06 x 10 g 


pum 


Calculate number of atoms in each of the following: 


i 0.5 mol atom of nitrogen 

ji. 0.2 mol molecules of hydrogen 

iji. 3.2 g of sulphur | 
p. Calculate number of molecules in each of the following: 
i 14 gof nitrogen 


i 34 gof H;5 


. j mol of No = 6.023 ^ 10% molecules or mole atom 
i 0.5 mol atom of N, 6.023 7 Jo 7 0.5 
- 3,01 7 10° atoms 
= 6.023 7 1023 molecules 
= 2 7 6,023 7 102 atoms 
= 2 7 6.023 ^ J0 2 
= 2409 ^ 102? atoms 


| mol of Hy 


0.2 mol of H, 


r 


_Alow many 
ESD Mw or Cu(NO,), 


— 


iii. 32gof 5 - 9 
32gofS -Ó 


| of N = 28 g 
b. | p f of N, — 6.023 X 1023 molecules 
i. 


023 x 107 atoms 


6.023 x 10? "T 


— 3.01 x 102 molecules 
i, 34 g of H,S = 6025 * 102? molecules 
3.4 g of H,S = 6.023 * 10” molecules 


How many moles of O are present in 4.9 g of H,PO,? (A 
weight of P, O, and H = 31, 16, 1) 
‘Sol. | Molecular weight of H,PO, =! x 3431+ 16 »4- 
98 g - 1 mole of H,PO, = 4 mole of O 


4 
49g of H,PO, = a x 4.9 =0.2 mole of O 


What is the molecular mass of a compound X, if; 
3.0115 x 10? molecules weigh 1.0 x 10-7 g? 


Sap 3.0115 x 10? molecules of X= 107? g 

107 x 6.023 x 10^ 
3.0115 x 10” 

= 200 g = 200 amu 


6.023 x 102 molecules of X = 


What is the volume occupied by one CCI, molecule at 20°C 
Density of CCl, is 1.6 g mL“! at 20°C. 


Sol.) CCI, molecule is liquid. 
Mw of CCl, = 12 + 4 x 35.5 = 154g 
6.023 x 10? molecules of CCl, = 154 g 


I molecule of CCl, = NEM a 25.56 X 108 
6.023 x 10? 
Volume of one molecule — € 
density 
_ 2556x107 
1.6 


= 1.598 x 10-22 mL orem 


) gl 


t 


grams of Cu(NO d to rake! 
1.00 g ofc ), would nee 
00 8 of copper? Cu = 63,5, N= 14, O= 16. 


= 63.5 +2(14 + 16 x 3) = 187 


Cu(N 
n 0 — Cu 
in | mol 
= 187.5 p 
B -63.5g 


63.5 ) aun 
8 of Cu is obtained from 187.5 g of Cu(NO»: 


l y "Y 5 
B of Cu is obtained from = 187.5 


= 2.9528 8 
MN 
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J Calculate the number of atoms of each type that are present in 
3.42 g of sucrose (C,,H,,0),). 


[Sol Mw of sucrose = C,,H,,0), 
= 12x 12+1%*22+ 16x II 
= 342 g 
a. l| mol of sucrose = 342 g = 12 mol of C 
3.42 9 = Ld x 3.42 
~ 342 


= 0.12 mol of C = 0.12 x 6.023 x 10? atoms 
= 7.228 x 10% atoms of C 
b. 342gofsucrose = 22 mol of H 
E " 22 
3.42 g of sucrose - —— x 3.42 
342 


- - 


— 0.22 mol of H 
= 0.22 x 6.023 x 102? atoms 
= 132.5 x 10?! atoms of H 
c. 342gofsucrose = 11 mol of O 
11 x 6.023 x 102 atoms of O 
11x 6.023 x 10? 


342 
66.25 x 10?! atoms of O 


P. ALLUSTRATION 1.44 
/ 


How many molecules of benzene (C,H,) are there in 1 L of 
benzene? Specific gravity of benzene is 0.88. 


Sel) Mw of benzene (C,H,) = 12x6+1x6=78g 
1 litre of benzene = 1000 mL 
Mass of 1000 mL of benzene = volume x density 
= 1000 x 0.88 = 880 g 
-. 78 g of benzene = 6.023 x 10% molecules 


6.023 x 10? x 880 


78 
= 6.795 x 107^ molecules 


| The volume of a drop of water is 0.04 mL. How many H,O 


molecules are there in a drop of water? d — 1.0 g mL. 


Sol. Volume of 1 drop of H,O = 0.04 mL 


Weight of 1 drop of H,O = Volume x Density 
= 0.04 x 1 2 0.04 g 


3.42 g of sucrose = x 3.42 


880 g of benzene = 


1 mole of H,O = 18 g = 6.023 x 102 molecules 


6.023 x 10? x 0.04 
18 


= 1.3384 x 102! molecules 


<. 0.04 g= 


Pn ae " A 
á GUN | Eon ot = 
i 


Find the volume of the following at STP. 
a. 14 g of nitrogen 
b. 6.023 x 1022 molecules of NH, 
c. 0.1 mole of SO,. 


É | mole of N, = 28 g = 224 L at STP 


14g=112L 
b. 1 mole of NH, = 17g ju 


/ 
= 6.023 x 10? molecules = 2.24 L 
7. 6.023 x 1022 molecules = 2.24 L 
c. | mole of SO, = 32+ 16 x 2 = 64 g = 22.4 L 
0.1 mole of SO, —224L 


TELLS Fab 


ay What is the volume of one molecule of water. 
(density of H,O = 1 g cm ?) 

b. What is the radius of the water molecule assuming it be 
spherical. 

c. Calculate the radius of the oxygen atom, assuming that 
oxygen atom occupies half of the volume occupied by 
the water molecule. 


a. 1 mole of H,O = 18 g = 18 cm? 
(dro~ Ig cm?) 
= 6.022 x 10? molecules of H,O 
Therefore, volume of 1 molecule of H,O 
18 3 
"602x103 
= 2.989 x 103 cm? 
b. Since H,O molecule is spherical, if its radius is r, then 
volume will be 
aar = 2.989 x 1072 cm? 


or p? = 7.133 x 107^ 


l l 
or r= (7.133 x 1074)3 = (7.1333 x10% cm 
1 
Put x = (7.133 


log x = slog 7.133 = : x 0.8533 = 0.2844 


x = Antilog 0.2844 = 1.925 
^ r= 1.925 x 105 cm 

c. LetRisthe radius ofthe oxygen atom, and the oxygen 
atom occupies half the volume of H,O molecule, then 


4 ER -1,2989x10 2c! 
3 2 


R? = 3.566 x 1074 cm? 
R = 1.528 x 1075 cm 
TTE] T TF A "i JN 1. 4E 
Calculate the mass of carbon present in 0.1 mole of sodium 
ferricyanide Na,[Fe(CN),]. 
| Sol. | 1 mole of Na,[Fe(CN)¢] contains = 6 mol of C 
0.1 mole of Na,[Fe(CN)¢] contains = 0.6 mol of C 


N 


CC SSSSSOOS''SS’~S:'S TT TN 
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=0.6 x 12=7.2g 


E EN eee | TRAT C 


Calculate the total number of electrons present in 3.2 g of 
oxygen gas. 
SBP (Atomic number of O = 8, Number of electrons in Qs 16) 


l 3.2 
3.2 g of O, =- =0.1 mol 


i =0.1 x 6.022 x 103 molecules 
= 6.022 x 10% molecules 
= 6.022 x 102? x 16 electrons 
= 9.635 x 10?? electrons 


a. Calculate the number of molecules present in one drop 
of H,O whose mass is 0.01 g. 


b. Calculate the number of molecules leaving the liquid 


Surface per second, if the same drop of water evaporates 
in one hour. 


“Sol. a. 0.01 g of H,O = E mol 


18 


= 3.345 x 10?? molecules 
b. Number of molecules leaving per second 


_ 3.345 x 10? 
|. 60x 60 


x 6.022 x 10? molecules 


— 9.293 x 10!6 molecules 


SONCEPT APPLICATION EXERCISE 1.1 


Subjective Type 
1. A metal M of atomic weight 54.9 has a density of 
7.42 g cm ?. Calculate the volume occupied and the radius 
of the atom of this meta] assuming it to be sphere. 


Objective Type 
2. Which of the following has least mass? 
(1) 1 mol of S (2)3 x 1073 atoms of C 
(3) 2 g atom of nitrogen (4) 7.0 g of Ag 
jie The simplest formula of a compound containing 50% 
of element A (atomic mass 10) and 50% of element B 
(atomic mass 20) is: 
(1) AB (2) A,B (3) A,B, (4) AB, 
iji. The number of water molecules present in a drop of 
water (volume 0.0016 mL) at room temperature is: 
(1) 6.023 7 }Q!” (2) 3.023 2 107! 
(3) 1.084 7 10" (4) 4.44 » JQ! 


Fill in the Blanks Type 

The mass of | molecule of water (LO) is ......., 

The number of molecules in 16 g of sulphur dioxide 
e 


are .....-.- , 
a of one mole of sodium carbonate (Na,CO,) 
e 


1. a. 
b. 


dS ee . 


TO 
d. Moles and g equivalents in 196 g of Ca(OH), are 
and uuo. . 


e. Moles and g equivalents in 196 g of H,PO, are 
and ......... l 


f. g atoms in 62 g of P, are 


B. gatoms in 24 g of magnesium are 


ANSWERS 
—'——— an 


Subjective Type 
I. 1.23 x 107? cm}, 1.42 x 107? cm 
Objective Type 
2. i. (2), ii. (2), iii. (1) 
Fill in the Blanks Type 


3. 803*X107, b.15x 102, 
d.2.65, 5.3, e.2,6, 


c. 106 g 
LOS. g1 


.4.10 PERCENTAGE COMPOSITION 
Ae SERRE AOE UNT USITION 


For an unknown or new compound, jt is necessary to know its 
formula or to know the ratios of their constituents in the given 
compound. Such information provides a check whether the | given 
sample contains the same percentage of elements as is present ina 
pure sample. Therefore, it helps in checking the purity ofa sample 
by analysing this data. 


The percentage of any element or constituent in a compound is 


the number of parts by mass of that element or constituent present 


Se ene tti oe 


in 100 parts by mass of the compound. - 
"tis calculated as follows: 


a. First calculate the molecular mass of the compound from 
Its formula by adding the atomic masses of the elements 
present in it, multiplied by their respective number. 


b. Then calculate the percentage of the element or constituents 
by using the relation: 


Mass of that element 

* 100 in the compound 
Molar mass of the compound 
For example, the percent 
elements in H,O. 


Molar mass of H,O = 18.02 


Mass% of an element — 
age composition of the various 
g 


2 x 1.008 
——— 
18.02 


Mass% of H x 100 = 11.19% 
16.00 x 100 
18.02 
a ) : ^ 
MLUsTRaTION ii J 
Calculate the 
lollowinp 


Mass% of O x 88.799, 


percentage 
compounds: 
i Blue y 


somposition of various elements in the 


itriol (€ uSO,5H,O) 
« Green vitriol (FeSO 71 LO) 
White vitriol (ZnSO,-SH,0) 


Ethanol (C,H.OH) 
e. Mohr. pees ae : 


US, SUL Os VM b Lo 


SS IS 
LON 4 

os SN UU {So 
lanta wo NAAN 
Miss" » etti TUE 

S2 X Loo T 
Mass ors tant 

Y4O SN 


` lov 8x 100 z= “70 
Mass?» of O S7. 7l9w 


yg 
MSS 


I0 s LOOS s 100 
UN LUOS SN TUR ` 
Mass*e of H = — 4 O40" 4 


249,5 
b. Molar mass of FeSO,-7H.O = 56 + 32+ 64+ 7 18 
278 g 
36 x 100 
Mass of Fe = —— = 20.1% 
278 
u 3> . 100 : 
Mass*e of S = —— =11.5% 
278 
T lixle*100  ,, 
Mass*e of O = —————— = 03.3% 


Se ede) 
aid 


12 x 1.008 x 100 


EO 
BERN 


c. Molar mass of ZnSO,-5H, -O — 65.37 +32 + 64 


i 65x37x100 
Mass* o of Zn = o 26.09 
251.37 
32x100 
Mass? ; of S = —— —— = 12.7% 
251.3 
169x100 
Mass°o of O = = §7.2% 
> 251.37 


10 x 1.008 x 100 
Eget. uu 


Mass% 
251.37 
d. Molar mass of C,H,OH = 2 » 12.01 +6 x 1.008 
= 46.068 g 


24.02 g 
46.068 g 


Mass% of C = x 100 = 52.14% 
6.048 g 


E100 = 13.13% 
46.068 g 


Mass% of H = 


16.00 g 
46.068 g 


Mass% of O = = 100 = 34.73% 


e. Molar mass of (NH,),SO, FeSO, 6H,O 
=2(14+4)+32+ 16%4+56 + 32+ 64+ 108 = 392 y 


28 g 
Mass? = x100=7.14% 
ass% of N 392 g 0 


Some Waste Cone opts and Mole Con epl 1.25 
0x lOp 
Mass" o ol H «100. 5 IO" 
TN 
2x32y i 
Masso abs TM < 100 16.32% 


l4 16.00 p 
Wp 


Masso ol O x 100 57.14% 


| 4 2k" D 


SO yr 
Mass" o of Fe da 100 


IN? p 


Calculate the percentage composition of: 
a. Alumina (AL,O,), potassium oxide (KO), and silica 
(SiO,) in the sample of clay (ALO, K,O:681O,). 
b. Potassium sulphate (K,SO,), aluminium sulphate, and 
water of erystallisation in the sample of potash alum 
(K,SO,AL,(SO,),°24 H5O). 


e. SO, ion in potash alum. 


. Molar mass of Al,O,-K,0-6Si0, 
=(2x27+3 x 16)+(2 x 39 + 16) + 6(28 + 2 x 16) 
= 102 + 94 + 360 = 556 g 


102 
Mass% of ALO, = 556 x 100 = 18.35% 


94 
Mass% of K,O = 556 x 100 = 16.90% 


360 ET 
Mass% of SiO, = 556 x 100 = 64.75% 


b. Molar mass of K,8O AL (SO), 24H,O 
= (2x39 32 + 64) + [2 x 27 + 3(32 + 64) + 24 x 18] 
= 174 + 342 + 432 = 948 g 

: x 100 = 18.35% 

948 


342 
= x 100 = 36.07% 


Mass% of K,SO, = 
Mass% of Al,(SO,), = 


Mass% of H,O = ele x 100 = 45.56% 
2 948 


c. Molar mass of 4(SO, 2-) = 4(32 + 64) = 384 


ga 


Q 


5 384 - 
Mass% of SO, = —— x 100 = 40.50", 
948 


4:11 EMPIRICAL AND MOLECULAR 
FORMULAE 


Empirical formula: lt represents the simplest whole number r ratio 


of the various atoms present in a comppund. 


For example, the empirical formula of glucose is CH5O, that 
of benzene is CH, and that of hydrogen peroxide is OH. 


1.26 Physical Chemistry ee f s ES 
It is clear that in the molecule of glucose, one atom of carbon is 4.07 
Moles of H = ———= = 4.04 
present for every two atoms of hydrogen and one atom of oxygen. , 008 g ' 
Similarly, in the molecule of benzene, one carbon atom is present 
for every one atom of hydrogen, and in the molecule of hydrogen Moles of C 24.278 — 2.021 
. ; ; . oles OL (ct 
eroxide, one atom of hydrogen is present for one atom of oxygen. 12.01 
p yarog I yg g 
Thus, the empirical formula of a compound represents only 71.65g 
the atomic ratio of the various elements present in its molecule. Moles of CI = 35.453 g = 2.021 
Molecular formula: It represents the exact number of c. To calculate the simplest whole number: 
different types of atoms present in a molecule of a compound. Divide th es obtinet in wien (b) bythe | 
- i . moles obta sm 
For example, molecular formula of glucose is C,H,,0,, that of uo» ibn lue f es - allest 
benzene is C,H,, and that of hydrogen peroxide is H,O,. quotient or least va vare MP i dem o obtained 
os a. for each element. This gives the simplest molar ratio, 


It is clear that one molecule of glucose contains six atoms of For example, since 2.021 is smallest value, division by 
C. 12 atoms of H and 6 atoms of O. Similarly one molecule of it gives a ratio of 2:1: | dor H: C 16 
benzene contains 6 atoms of C and 6 atoms of H, and one molecule If the ratios are not whole numbers, then they are 
-N of H,O, contains 2 atoms of H and 2 atoms of O. converted into whole number by multiplying by a suitable 


coefficient. 
_A.11.1 RELATION BETWEEN EMPIRICAL AND d. Writing empirical formula: 
MOLECULAR FORMULAE It is written by mentioning the numbers after writing the 


symbols of respective elements. 
Thus, CH,Cl is the empirical formula of the above 


The molecular formula of a compound is a simple whole number 
multiple of its empirical formula, 
Molecular formula = n x Empirical formula compound. 
e. Writing molecular formula: 
i. Determine the empirical formula mass (EFM). 


Add the atomic masses multiplied by their respective 


where 77 is any integer, e.g., 1, 2, 3, ..., etc. 
The value of n is obtained as 


Molar mass 
SS 
Empirical formula mass numbers of various atoms present in the empirical 
1.11.2 MOLAR MASS OF A VOLATILE COMPOUND enin 
For CH,Cl, EFM = 12.01 + 2 x 1.008 + 35.453 


= 49.48 g 
ii. Divide the molar mass by EFM. 


d 
It is determined by Victor Meyer's method. It is based on the principle 
that 22.4 L of vapours ofa volatile compound at STP have mass equal 
to the gram molecular mass or by the relation given below. 

Molar mass — 98.86 


EFM . 4948 
Multiply EF by n to get molecular formula (MF). 
Hence, MF = 2 x (CH,Cl) = C,H,Cl, 


Molar mass = 2 x Vapour density 


A.11.3CALCULATION OF THE EMPIRICAL AND 

MOLECULAR FORMULAE iii. 
If the mass percentage of various elements present in a compound 
is known, its empirical formuta can be determined. Molecular 
formula can further be obtained if the molar mass is known. The ' 
following sequence of steps are involved in the calculation of A substance, on analysis, SNE ki nllo erede 
empirical and moleculat f € ula. composition: Na = 43.4%, C = 11.3%, and O= 45.3%, C slediate 
Nue aT l : 1 py the empirical formula (atomic weight Na = 23, C = 12, O - 16). 
ntains 4.07% H, 24.27% C and 71.65% Cl. Its Sol. 


pun Percentage 
composition 


Sodium 43.4 


-2- (n) 


und co 


| a. Conversion of mass percent to grams: 
Take 100 g of the starting material. The given mass 


percentage represents the masses of the clements in 
grams. For example, a compound contains 4.07% H, 
94.27% C, and 71.65% CI. 

So, 100 g of the above compound, 4.07 g of H, 24.27 g 


of C and 71.65 g of Cl is present. 
r of moles of each element: 


11.3 


: be iri 
b. Convert into num Hence, the empirical formula is Na,CO,. 


Divide the masses obtained by respective atomic masses 


of various elements. 


7 m | Some Basic Concepts and Mole Concept 1.2 


| "ILLUSTRATION. 1.55 Sol. 
Assuming the atomic weight of a metal M to be 56, find the - EF 
empirical formula of its oxide containing 70.00% of M. Element Empirical 
formula 
[Sol | Percentage of metal M = 70.00 and that of oxygen = 30.00. 
Element) % Atomic Least Whole 
L——- antithesis BELO ratio humber ratio 
70 . 1.25 
Metal |7000| —z125 —--l 2 
L- DENM NES 1.25 Leni | 
| 30 1.875 
Oxygen | 30.00 | —=1.875 | “215 3 
Sn M es |! 16 1.25 i 


Hence, empirical formula — M.O.. 


An organic compound containing oxygen, carbon, hydrogen, Empirical formula mass = 46 + 32 + 20 + 224 = 322 


and nitrogen contains 20% carbon, 6.7% hydrogen, and 46.67% Also, molar mass = 322 (given) 
nitrogen. Its molecular Weight was found to be 60. Find the 


molecular formula of the compound. n= einh = = = 
Empirical formula weight 322 


Hence, molecular formula = Na,SH,,0, 4 


Since, all the hydrogen is in the form of water, there are thus 
10H,O molecules. 


1.66 
20.00/12 | ——=1 


Carbon | 20.00 
| 1.66 


Hence, the molecular formula is Na,SO ,'10H,0. 


What is the formula of Kaolin, the composition of which is 
as follows: ALO, = 39.5%, S10, = 46.6%, and HO = 13.9% 
(Al = 27, Si =28, O = 16, H = 1). 

"Sol? Empirical formula: Radical weights. 

ALO, = 54 + 48 = 102; SiO, = 28 + 32 = 60; H,O= 18 


Element | % | Radical | Least Empirical or 
A ratio molecular 
formula 


26.63/16 
=1.66 


Empirical formula weight = 12 +4 +28 + 16 = 60 
Molecular mass = 60 (given) 

Therefore, empirical formula mass is same as molar mass. 
Hence, molecular formula is also CH,N,O. 


A compound, on analysis, gave the following percentage 


0.777 
——— z^) 2810. - 
0777 r7 21450,2810,2H,0 


composition: j ; s 
ILLUSTRATION 1.59. 
Na = 14.31% S = 9.97% Bieb PROS RUM m 
H - 6.225 O = 69.50% Calculate the amount of water (g) produced by the combustion 
—~ V. 6 n . 


of 16 g of methane. 
Calculate the molecular formula of the compound on the 


. : 1 ation for c stion of me is: 
assumption that all the hydrogen in the compound is reset T: The balanced equation for combustion of methane is 


combination with oxygen as water of crystallisation. Molecular CH,(g) + 20,(g) > CO,(g) + 2H,O(g) 
weight of the compound is 322. 


(Na = 23, S=32, H=1,O= 16) 


(i) 16 g of CH, corresponds to | mole. 


(ii) From the above equation, | mol of CH,(g) gives 
2 mol g H5O(g). 
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TM 


2 mol of H,O=2x(2+ 16)=36g 
| mol of CH, = 12+4=16 g 
Therefore 16 g of CH, gives 36 g of H,O on combustion. 


How many moles of methane are required to produce 22 g of 
CO, after combustion? 


(Sol | According to equation: 

CH,(g) + 204() = CO,(g) + 2H,O(g) 

log 44 g 

44 g of CO, is obtained from 16 g of CH 4(8) 
^ 22 g of CO, is obtained from > 8 g of CH,(g) 


E 
og 


Te 0.5 mol of CO. (g) 


1.12 STOICHIOMETRY AND 
| STOICHIOMETRIC CALCULATIONS 


The word ‘stoichiometry’ is derived from two Greek words— 
stoicheion (meaning element) and metron (meaning measure). 
Thus. it deals with the calculation of moles, molecules masses, 


Moles of CH,(g) = 


and sometimes volumes of the reactants and products involved in 
a balanced chemical equation. The coefficients of the balanced 
chemical equations are called ‘stoichiometric coefficients.’ They 
represent the number of moles and molecules of reactants and 
products in a balanced chemical equations. 


A.12.1 BALANCING OF A CHEMICAL EQUATION 
According to the law of conservation of mass, a balanced chemical 
equation has the same number of atoms of each element on both 
sides of the equation. 

A chemical equation is balanced by hit and trial method or 
also called trial and error method. 


A chemica] equation is balanced as follows. For example, 
combustion of butane (C,H,,). 


Step 1. Write down the correct formulae of the reactants 
and products indicating the letter (g), (s), and (1) in the brackets 
next to its formula for gases, solids, and liquids, respectively, e.g., 

C,H, fg) + O(g) — CO,(g) + H;O(l) 

Step 2. Balance the number of C atoms: There are 4 C atoms 
in the reactant, therefore four CO, moles of CO, are required on 
the RHS of the equation. 

C,H (g) + Og) — 4C0,(g) + HOM 
Step 3. Balance the number of H atoms: There are 10 H 
in LHS in the reactants and each molecule of H,O has 211, 
p on RHS in the products, so 5 moles of H,O are required for 
atoms i 
10 H atoms on the RHS. | 
O(g) + SH,O( 
C,H o£) + OXg) —> 40028) 2 ) | 
ce the number of O atoms: There are 13 O 


lan , 


atoms on the RHS ( 


Therefore, 13/2 moles of O, are required on the LHS, 


13 
C,H g(@) + 7 O(g) —9 4CO,(g) + 5H,0(1) 
or 
2C,H9(g) + 130,(g) —> 8CO,(g) + 10H,O(1) 
Step 5. Verify the number of atoms of each element is 
balanced in the final equation: The final equation shows 8 C, 20 
H, and 26 O atoms on both side. Hence, the equation is balanced 


Note that the subscripts in formulas of reactants and products are 
not changed to balance an equation. 


„Calcium carbide reacts with water to give ethyne or acetylene gas 
and calcium hydroxide. Write the balanced chemical equation 
for this reaction. 


t 


jl ) The skeleton equation is 
CaC,(s) + H)O(l) —9 HC=CH(g) + Ca( OH),(s) 
a. Order of selection of atoms for balancing is O, H, and C. 


b. The number of O atoms on RHS is 2, and one O atom on 
LHS. So, multiply H5O with 2. 


CaC,(s) + 2H,O(I) —> HC=CH(g) + Ca(OH),(s) 


It is a balanced chemical or atomic equation. 


Magnesium carbide reacts with water to give propyne gas and 
magnesium hydroxide. Write the balanced chemical reaction. 


Sol.) The skeleton equation is: 
Mg,C,(s) + H,O(1) —9 CH,—C=CH(g) + Mg(OH),(s) 
a. Order of selection of atoms for balancing Mg, O, H,and C. 


b. To equalise the number of Mg atoms on both sides, 
multiply the molecule of Mg(OH), by 2. 


Mg,C,(s) + H)O(I) —> CH,;—C=CH(g) + 2Mg(OH),(s) 

c. To equalise the number of O atoms on both sides, multiply 
the molecule of H,O by 4. 

Mg;C,(s) + 4H,0(I) — CH,—C=CH(g) + 2Mg(OH),(s) 


It is a balanced chemical equation. 


1.13 MOLE CONCEPT IN SOLUTIONS 


The concentration of a solution or the amount of substance present 
in its given volume is expressed by the tollowing terms: 

a. Molarity (M) 

b. Molality (i) 


c. Normality (N) 

d. Formality (7°) 

e Mole fraction (y) 

Mass fraction (Y) 

Mass percent or weight percent (W/W%) 
- Parts per million (ppm) 


so 


A MOLARITY 


It is defined as the number of moles of solute in 1 L of the solution. 
It is the most widely used unit and is denoted by M. Thus, 


Molarity (M) = Number of moles of solute 
Volume of solution in litres 
Abbreviation used: 


Symbol 1 or A is used for solvent and 2 or B is used for solute, 


e.g., 
Mass or weight of solvent = W, or W, 
Mass or weight of solute — Wy or W, 
Moles of solvent — n,orn, 

Moles of solute = n p OF n. 

Molar mass of solvent = Mw , or Mw, 
Molar mass of solute = Mw, or Mw, 
Mole fraction of sovent = x , or X1 
Mole fraction of solute = x, or X» 
Mass fraction of solvent = X 4 0r X, 
Mass fraction of solute = X. por X, 


Mass or weight of solvent W, 


Moles of solvent — 


Molar mass of solvent Mw, 
Mass or weight of solut W. 
Moles of solute = > OI Wargi ot soute —2 
Molar mass of solute Mw, 


Number of moles of solute 
ula of molari ee 
POT OL AODAN OM) Volume of solution in litres 
Ny 
Vs, (in L) 


W 


W, 

Vz, (in mL) 
M Sol 
W2 1000 


W, x1000 
Mw, x Vs, (in mL) 


Effect of temperature: Molarity of a solution depends 
upon temperature because volume of a solution is temperature 


M——— 


dependent 
“pend 


water. Calculate the mass percent of the solute. 


Sol. Mass percent = 


Mass of solute 
Mass of solution 


x 100 


228 . 
| 2g+18g 


= 10% 


x 100 
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c 
i dissolving 4 g in enough water to form 250 mL of the solution. 


Sol.) Molar mass (Mw,) of solute (NaOH) = 23 + 16+ 1) g 
=40¢g 
Use the formula of molarity 
W, x 1000 _ 4.0 x 1000 
M Mw, x Va (in L) ~ 40x 250. 
— 0.4 mol L! = 0.4 M 


A3.2 MOLALITY 


It is defined as the number of moles of solute present in 1 kg of 
solvent. It is denoted by m. 


Number of moles of solute 


Formula of molality (m) = Midas of soient a ke 


n 
~ W, (in kg) 
B m 
— Mw; x W, (in kg) 


W, x 1000 
Mw, x W, 
Mass or weight of solvent (W,) . 


— Mass or weight of solution — Mass or weight of solute 
Mass or weight of solution = V x d 


sol 
e W T Woo — W3) = (Voi e dai B 2) 
W, x 1000 
m= =... = 
Mw, x W, 
W, x 1000 


Mw, X Va x dyol ~ Wa) 

Effect of temperature: Molality ofa solution does not change 
with temperature since mass remains unchanged with temperature. 

Stock solution: The solution of a desired concentration is 
prepared by diluting a solution of known concentration. This 
solution of higher concentration is also known as stock solution. 

Standard solution: A solution whose normality or molarity 
is known is called a standard solution. 


' Formula to convert molarity (M) to molality (z) and vice 
versa. 
Mw, l 
= «| = d Tre | 
Aso 1000 m/ ix 
To prove the relation, substitute the formula of M and m in 
Eq. (1). 
W, x 1000 Um : Mw, x W, 
Ee) —M a Cem a 
sol Mw, x Fi 1000 W, x 1000 
hm 
V. V. 
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A Va sol 


Hence, LHS is equal to RHS, which proves the relation. 


Calculate the molality of KCI solution prepared by dissolving 
145 g of KCl in 500 mL of the solution. (d, | = 1.2 g mL~!) 


NSP Molar mass of KCI = (39 + 35.5) g = 74.5 g 
W, =7.45 g, Mw, =74.5 ¢ 


V o| = 500 mL 


T W, x 1000 
Mw, x W, 


In the above relation, W, is unknown, so find W. 
Wm a O ol B W) g- (oi i dai W,) g 


= (500 x 1.2 — 745) g = 592.55 g 
7.45 x 1000 
=~. —_ = 
74.5 x 592,55 0168m 


£ £3lculate the molality (m) of 3M solution of NaCl whose d 


nsit 
is 1.25 g mL. Bu 


ESI. Molar mass (Mw.) of NaCl = (23 + 35.5) g = 58.5 g 
M=3 mol L! 
Mass or weight (W,) of NaCl in 1 L solution 
=3 x 58.5 = 175.5 g 
First method: 
Use direct relation: 


Mw ] 
d =M E + | 
s E m 


1.25gmL! = TEA 3 


+ — 
1000 m 
125 B 58.5 o] 
3 1000 mg 
J 
0.416 — 9.054 = — 
m 


0.358 = X 


m 


J 
= —=279 
m= 0.358 á 
Second method: 


M=3 mol L! 


Mass of NaC] in 1 L solution (W3) =3 x 58,5 = 175.5 p 
Mass of 1 L solution = Vod 


sol 


= 1000 x 1.25 = 1250 g 


ions are replace 


example, 


. Mass of H,O in solution (P) 
Mass of H,O in sO 
= Mass of solution — Mass of solute 


-Wa- V. 


8 


2 
=| 250 _ 175.5 = 1074.5 g = 1.0745 kg 
W, x 1000 
Mw, x Wi 
175.5 x 1000 
= 58.5 x 1074.5 


Number of moles of solute 
AD OL ee 


_m= 


=2.79m 


9017" Mass of solvent in kg 
= _3mol _ =2.79m 
1.0745 kg 
SS 
1.13.3 NORMALITY 


It is defined as the number of gram equivalents of the solute in | 


1 L of the solution and is denoted by N. Thus, 


Number of gram equivalent of the solute 
Volume of solution in litres 


Normality (N) — 


Mass of solute (W3) 


Gram equivalent = Equivalent mass of the solute (Ew,) 


Equivalent mass (or weight) of solute 


_ Molar mass of the solute (Mw, ) 
g n 
where n is the basicity ofan acid or acidity ofa base or total positive 
or negative charge of an ionic compound or number of electrons 
involved in a redox reaction (called 7 factor or valency factor) 
Basicity of an acid: It is the number of replaceable H* ion. 
For example, E 


HCI is monobasic acid, n = 1, one H® ion is replaceable. 


H,SO, is dibasic acid, n = 


2, two H® ions are replaceable. 
HPO, (phosphoric acid 


| ) is tribasic acid, n = 3. three H® 
: able. H;PO, (phosphorus or phosphonic acid) 


| 
| H —P— OH | is dibasic acid, n = 2, two H® ions are replaceable. 
H O | 
| 
HPO, (hypophosphrous or phosphinic acid) | OH, Is 
| 
mE H 
monobasic acid, n = 


Ll one HP ion is replaceable. 
sidity of i D 

fre dity of a base: lt is the number of replaceable OH ions. 

l'or example, 


NaOH is monoacidic base, » l, one OH ion is replaceable. 
Ca(OH), is diacidic base, z 2, two OH ions are replaceable. 
; . $ ai C) P 
AOH), is triacidic base, n= 3, three OH ions are replaceable. 
n factor of salt: I is the total positive or negative charge. For 


sa LN NER 
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ec "i: : : , 5 
NaCl." = 1, one positive or negative charge This equation is called nor mality equation. 
42 -1x2 If solutions having normalities Ni, N3, N}, ... and volumes V, 
Ba Cl; , n = 2, two positive or negative charge V^, V4, ..., respectively, are mixed together then the normality (M) 
2 2 \ of final resulting solution is: 
FeC?O, , (ferrous oxalate), 7 = 2, two Positive or negative NV, +N Vv, + NV, + =NV 
I | 2 2 31 3 HH 
charge 
42x3 O. , (V, = V L Ra y, 4n) 
Fe; (C204); . (ferric oxalte), n = 6, six positive or nepative Molarity equation: Ifa solution with molarity M, and volume 
charge V, is diluted to volume V», so aat the new molarity is M,, then as 
+2 2 +1x2 —2 . ; : 
E zt < i : the number of moles remains same in the solution. Thus, 
FeSO, (NH4)SO,4°6H;0 (Mohr's salt), 7 — 6, six positive or 
negative charge M,* V = M, x V, 
n factor of a redox reaction: It is the number of electrons This equation is called molarity equation. 


involved in a reduction or oxidation (redox) reaction (refer Chapter 
2 for details). For example, 


8H* + 5e- + MnO,? —> Mn% + 4H,O 


For the neutralisation of V j ML of an acid with moarlity M, 
and basicity n,by V, mL ofa base with molarity M, and acidity z,. 


nM V, =n,M, V. 
When two reactants A and B, with 5 „and nj moles react, then. 
M V, _ MV, 


(acidic medium, n = 5) 
€ + MnO,° —> MnO,2- 
l (basic medium, n = 1) 
i 4H* + 3e - Mn0,? —> MnO, + 2H)0 
(neutral or faintly alkaline medium, n = 3) 
14H? + 6e—-Cr,O.?- — 20+ + 7H,O 


Calculate the molarity (M) and normality (V) of a solution of 
i. oxalic acid [(COOH),-2H,O] containing 12.6 g of the acid in 
(acidic medium, n= 6) 500 mL of the solution. 


i Formulae of Normality (N) 


iie Number of gram equivalent of the solute 


ae Molar mass 
Volume of solution in litres _ Equivalent mass of (COOH),-2H,O = : 
| _ W, Loo C. 126 
O Ey XV a) p p Morin me - 18634 
#2 © 1000 
W., x 1000 W. x 1000 (n = 2, since two HÊ ions are replaceable, i.e., dibasic acid) 
- 2 ss, eee 
— Ew i i 2.6 x 1000 
Ew, x V. in mL Mw, x Vy (in mL) M W, x 1000 a E xX iaa -000M 
Mw, x Va (in mL) 126 x 300 
" W, x1000 ep Ie 
Mw, x V (in mL) " W.xI000 — 126x100 _ 9 
Thug: As dz Ew, x Vay (inmb) 63x500 — ——— 
Note: N = Number of gram equivalent L (Alternatively, N 2 x M=2 x02 =04N) 
-— -] i — 
= Number of milliequivalent mL UT yu jenen "ON 1.68 
A zi - i , . 
M = Number of moles L 100 mL of 0.1 M HCI + 100 mL of 0.2 M H,SO, + 100 mL ot 
= Number of millimoles mL! 0.1 M HNO, are mixed together, 
N * V(L)=Gram equivalent or simply equivalent a. What is the final concentration of the solution. 
N x V (mL) = Milliequivalent b. What would be the final concentration of the solution, it 
M * V(L) = Mol the solution is made to | L by adding H,O? 
— Moles : 
M x V (mL) = Millimoles e. What would be the tinal concentration of the solution if 
- 700 mL of HO is added to the solution? 
Normality equations: If a solution having normality N, anc 
volume V, is diluted to volume P^, so that the new normality 1s Sol, 
rrr ——; , s , AE Pa , 
-2 then the number of gram equivalent remains the same in the a. NPE NIE, N,V, 
8 E a mc cmpistionpne E — —— ——— * , , , . 
‘lution. Thus, (^, = Vi + V, + V= 100 + 100 + 100 = 300 mL) 
i NxV,-N,xF, n factor for HCI and HNO, = | 
[ 4 


_ — ||| | | EE cit 


^5 
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n factor for H,SO, = 2 


In such questions always convert molarity to normality, 
since 1 gram equivalent of one reactant is always equal 


to | gram equivalent of another reactant. 
100 x 0.1 + 100 x 0.2 x 2+ 100 x 0.1 = N, x 300 
10+ 40 + 10 = N, x 300 


Hence, final concentration of solution ^ 0.2 N 
b. Final volume = 1 L = 1000 mL 
<. 100 x 0.1 + 100 x 0.2 x 2+ 100 x 0.1 = N, X 1000 


j 
N, = a = 0.06 N 
+ 1000 


Hence, final concentration of solution = 0.06 N 
c. Final volume = 300 + 700 = 1000 mL 
60 
~ N, = ——-0.06N 
* 1000 


Hence, final concentration of solution = 0.06 N 


JucuermATION 1.69 
“~ 1L of 0.1M NaOH, 1 L of 0.2 M KOH, and 2 L of 0.05 M 
Ba(OH), are mixed together. What is the final concentration of 
the solution. 


“Sol. Total volume (V,)=1+1+2=4L 
n factor for NaOH and KOH is 1, while for Ba(OH), is 2. 
NV + N,V + N,V NY 
0.1x1+02*1+0.05x2x2=N,x4 
0.140.2402=N,%*4 


ia SiN 
4 4 


Hence, final concentration of solution = 0.1 N 


da a 


450 mL of 0.2 M HCI, 50 mL of 0.2 NH,SO,, and 200 mL of 0.2 M 
Ba( OH ), are mixed together and the volume was made to | L by 
adding H,O. What is the final concentration of the solution, and 
what is the nature of the final solution: acidic, basic or neutral? 

Sol In this case, strong acids and strong bases are mixed. Equal 
amount of milli equivalents of acid and base will neutralise. 

Concentrations of HC] and Ba(OH), are in molariües; they 

have to be converted to normalities as concentration of 

H,SO, is given in normality. 

Total acids - 5070.2" 1 K5070.2« J 
104 10 - 20 mEq 
Total base = 200 7 0.2 7 2 (n factor) 
= 80 mig 
Since 20 mEg of acid would neutralise 20 mig of base, thus, 
Base left = 80 — 20 = 60 mEq 


1 L= 1000 mL : 


mEq 60 


= — — 


So, final concentration of solution = rU» [0003 0.06 


Total volume of solution 


Final resulting mixture of solution is basic, since 60 MEg of 


strong base is left. 


J1.13.4 FORMALITY 
It is used to express the concentration of the solutions of ioni, 
compounds (since they are not molecular) in place of molarity 

Since the molar mass or the molecular weight of ionic solids jg 
not determined accurately experimentally due to their dissociation 
nature, therefore, the molecular weight of ionic solid is Often 
referred as formuía weight and molarity as formality. 

It is defined as the number of formula weights present in 1 L 
of the solution. 

Mass or weight of the compound in gram 


Formula weight of the compound 
in gram x Volume of solution in litre 


Formality — 


W, x 1000 
~ Formula weight of the compound x V; (in mL) 


Like molarity, formality is temperature dependent. 


1.13.5 MOLE FRACTION (y) 


It is the ratio of number of moles of a particular component to the 
number of moles of the solution. It is denoted by the symbol 7 
(called chi). If solute B dissolves in solvent A and their number 
of moles are n pand n, respectively, then their mole fraction x, 
and x,are given as: - 


Mole fraction of solvent 4 = x , 


Number of moles of 4 


Number of moles of solution 


n, Wy My 


N4 tpg 7 Wi Wg 
Mv, Mwg 


Mole fraction of solute B = x, 


Number of moles of B 
Q ÍQAMMHIUUI OL MOLS OR ee 
Number of moles of solution 


ny + Np Wy E LS 
Mv, Mwg 


since total mole fractions of solute and solvent (i.e., solution) 
is |. 


> Lat XQ ml 
Xn= La 
If two solutes are dissolved in solvent. Let the number of moles 


of solvent and the (wo solutes are 2, 72, and 7, respectively, then, 


-— . n 
Mole fraction of solvent (x4) = 
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mo h Ma _ Ny _ W, / Mw, 
m " M " W, X glucose (3) B ny + ny +m B W n W, s W, 
Mw, Mw, Mw, Mw, Mw, Mw; 
fraction of fi l ) n 40/180 
ole fraction ot Arst solute (y,) = —— — = LL———————— 
M "o m+nm+m 2.2 +0.33 + 0.22 
7 0.22 
Ec m DNE (22240334022 
if + d + Es 0.22 
Mw Mw, Mw, 73375 ^ 0.08 
Mole fraction of second solute (y) = [1— (x, + xj] or XH,0 (x,) = [1 - Gc + 33] = [17 (0.12 + 0.08)] = 0.8 
n, Hence, y, = 0.8, x, = 0.12, x, = 0.08 


pedo Mu Relation Between Molality (m) and Moles and Mole 


W, / Mw, Fraction 
EE x W, x W, The formula of molality (m) is 
Mw, Mw, Mw, " W, x 1000 
TRATION Mw, x W, 
A solution contains 2.5 mol of ethanol (C)H,OH) and 7.5 mol „Mx A 2 —m M = | 
of H,O. Calculate the mole fraction of each component of the Mw, x My. Mw, Mw, *’ Mw | 
solution. Wi 
2.5 : | 
= 77 035 [ ie | 
I X100 ;;x1000 ^ ge 2-7 _ 
nx Mw yx x Mw Xy n nm 
| | | + My / 
E Th 15 x1000 x, x1000 
The percentage oisi " mass of a solution is 20% urea dE n x Mw, 7 x, X My, 
(NH,CONH,), 40% glucose (C.H, ,O,), and 40% water (HO). 
Calculate the mole fraction of each component of the solution. Note: In case ofa solution oftwo liquid solution, the liquid with 
| more amount of moles or mole fraction is taken as solvent and 
(SA) Molar mass of urea (NH,CONH;)(Mw;) the liquid with less amount or moles or mole fraction is taken 
= (NH,),CO as solute. For example, refer Illustration 1.73. 


-2(14 7-2) * 127 16 
=32 + 12 + 16 = 60 g mol! 


' A soliitioi is prepared ib ui mixing ethanol and water. The mole 
Molar mass of glucose (CeH,,0(Mw;) fraction of ethanol in the mixture is 0.9. 
=12x6+12+6x16 


=72 + 12 +96 = 180 g mol! 
Molar mass of H,O (Mw,) = 18 g mol”! 


LUSTRA TION y 1 


a. What is the molality (m) of the solution? 


b. Water is added to the above solution such that the mole 
fraction of water in the solution becomes 0.9. What is the 


ME n, _ W, | Mw, molaltiy (m) of the solution? 
we wenn, Ww Ms 


— 4 —4- + —— "ATTE, 
Mw, Mw, Mw, “Sol. 


20/60 a. Molar mass of H,O = 18 g mol ! 

~ 40 20 40 Molar mass of ethanol (C,H.OH) 

16 60 180 =2x12+5+16+1 
_ MA ie = 46 y mo 

2.2 + 0.33 + 0.22 uu i 

" Mole fraction of ethanol is 0.9 and is greater than the 
2 -0.12 mole fraction of water (Le, 1-09 = 

T 0.1), so ethanol 


is solvent and water is solute. Thus, y, = 0.9 and 


X; 9.1 (Mw, = 46 and Mw, = 18). 


TT —————— TT TTE 


> _ 


| 
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Molar mass of H,SO, = 2 + 32 + 16 x 4= 98 g mol, 


— X; X1000 Mole fraction of solute x 1000 
Xi x Mm Mole fraction of solvent % by mass x 10 x ds _ 49 * 10 x 1.1 
A = _—— 05 


98 
= 5,5 mol L~! = 5.5 M 
Volume percent (V/V% or VIV 9) 


It is defined as the volume of solute one in 100 mL or | 
100 L of solution. It is denoted by (V/V). 


x Molar mass of solvent Mw, 


0.1 x 1000 
EE M diia 
0.9 x 46 b. 


b. Now mole traction of water is 0.9 and is greater than 
the mole fraction of ethanol (i.c., 1 — 0.9 = 0.1), so 
water is solvent and ethanol is solute. Thus, x, = 0.9, 
X2 = O.L (Mw, = 18 and Mw, = 46). 


V, x 100 


i Volume of solute < 100 = "2X100 | 
> percent = ———————— — — = | 
eee Volume of solution " | 


x. «1000  0O.1x1000 For example, if aqueous solution of ethanol is 46% p 
m= = = — 


Xx Mi, (09x18 — 6.17m volume, it means 46 mL of ethanol is dissolved in 100 mt 
of solution. 
1.13.6 MASS FRACTION (X) c. Mass by volume percent (W/V % or W,/V,,,%) 


It is defined as the mass or weight or solute dissolved in 100 
g or 100 kg of solution. It is denoted by (W/V 1%). 
Mass of solute 


Itis the ratio of mass of a particular component to the total mass of 
the solution. It is denoted by symbol (X). If a solute B of mass or 
weight of IT, is dissolved in a solvent 4 of mass or weight of W,, 


then the mass fraction of solvent (X,) and solute (X) are given as Mass/volume percent — x 100 


Volume of solution 


Mass facti t solv g Mi 
Mass faction of solvent 4 (X) = W W, - W, x 100 
Va 
W. 


Mass fraction of solute B (X,) = ——— 


W. iW. For example, a solution of glucose is 18% by mass/volume, 
ps 
or A5=1-X, 


it means 18 g of glucose is dissolved 100 mL of solution. 
d. Volume by mass percent (V/W% or V/W V») 

It is defined as the volume of solute dissolved in 100 g or 

100 kg of solution. It is denoted by (V,/W,,,"0). 


/1.13.7 PERCENT CONCENTRATIONS 
a. Mass percent or weight percent (W/W%) or (W,/W. o) 


It is defined as the mass of solute dissolved in 100 g or 100 


Volume of solute 


kg of solution. It is denoted by (W/W |). voluciennass percent = Mocent P EFAA x 100 
Mass of solute W, x 100 
Mass percent = —— ————— — x 100 = ——— — V, x 100 
Mass of solution sil TU. 
sol 


For example, an aqueous solution of H,SO, is 49% by 
weight or by mass or simply 49% it is taken as mass 
percent. It means 49 g of H,SO, is dissolved in 100 g of 
solution. 

Formula for molarity (M) when mass percent is given 


For example, aqueous solution of ethanol is 46?» by 
volume/mass. It means 46 mL or 46 L of ethanol is dissolved 


JS Calculate the molarity (M) and molality (x) of L6?» aqueous 
methanol (CH,OH) solution by volume. Density of solution = 
0.9 g mL", 


W., 7 1000 


RA = 
M 7 V; (in mL) 


Mw, 
W., 7 1000 
Mass or weight of solution 


Mw, 7 


( Mass ) 
— o 
Volume 


"Sob. 16 mL of CH,OH is dissolved in 100 mL of solution. 


Density of solution Volume and mass of H,O = 100 — 16 


S4+imbL = Hg 


-1 
(since dho = | gml’) 


Mw, 4 W, 


OW; NODE 7 dy 
Mw, M6 


JH x10x d, 


W, 71000 7 d,,, 


Mass of solution Vard 


sel 


L00 * 0.9 - 90g 
Mass or weight of solute (W,) = W 


soi 7 PA 
90-84-6g 


% by mass z 10 7 d, Molar mass of CH,OH = 32 p 
EEE OG } B 


Mw, Mw, =? W, x 1000 =- 6x 1000 1.875 M 
For example, 49% by mass or weight of aqucous solution Mw x Vo — 32x100 ` 
of H,SO,, whose density of solution is 1.1 p mL !. W,x1000 6x 1000 
The molarity (M) is: dub" 7 eu 


Mw, x W, 7 32x84 
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1.13.8PARTS PER MILLION (PPM) = | g CaCO, in 104 mL of H,O 
It is defined as the mass of solute dissolved in 1 millionth part (10°) = 100 g CaCO, in 10° mL of H „O = 100 ppm 


of the mass of solution. It is denoted by ppm. Thus, Hence, temporary hardness of CaCO, = 100 ppm. 


TK 


E a fT P 5 
LUSTRA 


Mass of solute x106 W, x 10° 
PP" Mass of solution w 


sol 


res) ik EA Ge 1 I m 
m ATIO No mE 77 
Calculate the weight of CaO required to remove hardness of 10^ 
(oS Nt s L of water containing 1.62 g of Ca(HCO,), in 1.0 L. 

20 mg of KS ions are present in 1 L of aqueous solution. Density (Mw of Ca(HCO,), = 162, Mw of CaO = 56) 
of the solution is 0.8 g mL~'. What is the concentration of K® 
ions in ppm? 


‘Sol. Mass of K® ions (W,) — 20 mg "M 20 x 103 g CaO + Ca(HCO,), —_ 2CaCO, EH H-O 


| mol | mol 2 mol 
Mass of solution = V, * deo = 100QnL x 0.8 g mL-! = 800 g Moles of Ca(HCO,), in 1.0 L of sample = e pu 


E Fa ET i X 
LLUSTRATION 1.75 


The reaction is: 


j 6 z 
ama xlo _ 20x10? x10$ á Moles of CaO required in 1.0 L of sample = 0.01 mol L~! 
ppm " os 25 ppm 
Wai 800 


Moles of CaO required in 10° L of sample 


1.14 HARDNESS OF WATER ^ — 0.01 x 106 mol/106 L = 10^ mol (105 Ly! 


j Weight of CaO = 10^ x 56 = 5.6 x 10° 
a. The hardness ofwater is due to the presence of bicarbonates, ii ia 8 
———— 


chlorides, and sulphates of Ca‘and Mg. 1.15 PERCENT FREE SO, IN AN OLEUM 


; — A ———X ccc E M dcm 
b. The hardness is temporary due to bicarbonates and 


- What is percent free SO, in an oleum (considered as a solution of 
permanent due to chlorides and sulphates of Ca and Mg. SO, in H,SO,) that is labelled ‘109% H,SO, ? Such a designation 


c. The extent of hardness is known as the degree of hardness refers to the total mass of pure H5SO,, 109 g, that would be present 
defined as the number of parts by weight of CaCO, present after dilution of 100 g of the oleum, when all free SO, would 
“per million parts by weight of-wate. — combine with water to form H,SO,. 
Grams of CaCO, _ Grams of CaCO, 9g H,O will combine with all the free SO, in 100 g of the 
Hardnesse--————————um TC RE EL o oleum to give a total of 109 g H5SO,. 
10? g of water 10? mL of water ; p 
Hu The equation 
(491 H,O + SO, — HSO, 
Water softness: The hardness may be removed by either of indicates that 1 mole H,O (18 g) combines with 1 mol SO, 
the reactants on treating with water. (80 g). Then, 9 g H,O combines with 
a. Washing soda: 9 = = 40 g SO. 
Boil i; > 
b. Slak CaCl, + Na,CO, > CaCO, } + 2H,0 Thus, 100 g of the oleum contains 40 g SO, or the percent 
. Slaked lime: free in the oleum is 40%. 
Ca(HCO,), + Ca(OH), —P*', CaCO,l + 2H,O Using the above result, 
c. Permutit or sodium aluminium orthosilicate or sodium 18x ` 


CaCl, + Na,ALSi,O, —> Ca(ALSi,O,) + 2NaCl x = 40% 
d. Calgon or sodium hexametaphosphate: SD 
2Ca^ + Na;[Na,(PO4);] — 4Na® + Na,[Ca,(PO,)<] 


pa GLE 


1.76. ‘118% H,SO,’, 


10 L of hard water requires 0.28 g of lime (CaO) for removing 
hardness, Calculate the temporary hardness in ppm of CaCO,. 


Temporary hardness is due to HCO,” of Ca?* and Mg?*. 

Ca(HCO,), + CaO —> 2CaCO, + H,O - , , INNSO 
l'hus, percent free SO, in the oleum = ——— = 80% 
56g 2*«]100g T 
56 g CaO = 200 g CaCO, in 10 L of H,O ! 
200 x 0.28 If the percent free SO, in an oleum is 20%, then label the sample 
56 of oleum in terms of percent H,8O,. 

= 1 g CaCO, in 10 L of HO 
= 1 g CaCO, in 10 x 1000 mL of H,O 


Sol) (118 — 100) = 18 g H,O combine with all the tree SO, in 
100 g of the oleum to give a total of LIS g HSO, 
18 g H,O combines with 80 g SO,, 


Ab L LI 3 TRA U w N 1 v" A " b 


Let x g H,O combines with all the free SO, in T00 gof ~ 
the oleum to give a total (100 + x) g H5SO,. 


v^ 


ooo IU Po 2 Us LAC ots? S i ssenitERURE E 
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18 g H,O combines with 80 g SO, 


X 
x g H,O combines with= 18 x 80 = 20g SO; 


20 x18 as 
80 
Labelling of oleum in terms of percent H,SO, 
= (100 + x) = (100 + 4.5) = 104.5% HSO, 


1.16 LIMITING REAGENT 


Pr 


Sometimes, one of the reactants is not present in S m 
as required by a balanced chemical reaction and 1s in the : n 
amount over the other. The reactant which 1s present in the les 
amount is consumed after some time and after that no further 
reaction takes place what ever be the amount ofthe other ini] 
present. Hence, the reactant, which is completely consu en 
limits the amount of the product formed and is therefore calle 
the limiting reagent. — — 


For example. 


CaCO. + 2HCl ——>CaCl,+H,O+ CO; 
2 3x jé 2(1+35.5 12*2x 16 
de j ot 7 -44g 


According to the balanced chemical reaction, 100 g CaCO, 
reacts with 73 g of HCl to give 44 g of CO,. 


Example: If 10.0 g of CaCO, is reacted with 10.0 g of HCI, 
what mass of CO, will be produced and which reactant is the 


limiting reagent? 

100 g CaCO, requires 73 g HCl. 

10 g CaCO, requires 7.3 g HCI. 

Mass of HC] left unreacted 10 — 7.3 — 2.7 g 


Hence, CaCO, is the limiting reagent, since it is completely 
consumed in the reaction and CaCO, will decide the amount of 
product formed. 


100 g CaCO, gives 44 g CO,. 
10 g CaCO, gives 4.4 g CO,. 


de ve i jo rura 7 


T 
iN 
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50.0 kg of N.(g) and 10.0 kg of H (g) are mixed to produce 
NH.(g). Calculate the NH,(g) formed. Identify the limiting 
reagent. 


| N,(g) -3H,(g) === 2NH,(g) 
(2714jg 6g 2(14 4+ 3) ¥ 
or or or 
2% kg 6kg 24 kg 


According to the balanced chemical reaction, 28 kg of N, 
reacts with 6 kg of H, to give 34 kg of NH,. 
Thus, 6 kg of H, requires 2% kg of N.. 


i. © 0 
10 kg of H, requires iak 


= 46.6 kg of N3. 
Hence, H, is the limiting reagent, since it is completely 


consumed in the reaction, and H, will decide the amount of 
product formed. 


| 


34 x 10 


_ = 56.6 kg of NH 
10 kg of H, = ? B ? 


If 0.5 mol of CaBr, is mixed with 0.2 mol of K,PO,, th 


maximu 


a. 0.1 
rou 


a. 3CaBr, + 2K,PO, — 


3 mol 
"M 
According to the chemical reaction, 
2 mol of K, PO, reacts = 3 mol of CaBr, 


0.2 mol. of K,PO, reacts = 0.3 mol of CaBr, 
Moles of CaBr, left unreacted = 0.5 — 0.3 = 0.2 


b. 0.2 c. 0.5 d. 0.7 


6KBr + Ca,(PO,), 
6 mol | 


2 mol I mol 


Thus, 6 kg of H2 = 34 kg of NH, 


e 


m number of moles of Ca,(PO,), that can be formed jg. 


Hence, K;PO, is the limiting reagent, since it reacts 
completely and it decides the amount of products, thus 


formed 
2 mol of K,PO, gives 1 mol of Ca,(PO,),. 
0.2 mol of K,PO, gives = 0.1 mol of Ca,(PO,),. 


Thus, the answer is (a). 


Upon mixing 100.0 mL of 0.1 M potassium sulphate solution 
and 100.0 mL of 0.05 M barium chloride solution, precipitation 
of barium sulphate takes place. How many moles of barium 
sulphate are formed? Also, calculate the molar concentration of 
species left behind in the solution. Which is the limiting reagent? 


Sol. - K,SO, + BaCl, —> BaSO, + 2KC 
(According to 1 mmol 1 mmol ] mmol 2 mmol 
equation) 


(mmole before 100x0.1  100x 0.05 — =; 


reaction) =10 mmol = 5 mmol 
(mmole left after 10-5 — 5 mmol 10 mmol 
reaction) = 5 mmol 


5 mmol of BaCl, will react with 5 mmol of K,SO , Hence 
BaCl, is the limiting reagent which is completely consumed 


in the reaction and it will decide the number of millimoles 
of products formed. 


Total volume of solution = 100 + 100 = 200 mL 


3 mmol B i 
1000 mL ^ 0.005 mol 


Unreacted K,SO, and KCI are left in the solution. 


Moles of BaSO, precipitated = 


5 mmol 
200 mL 


— 0.025 M 


Concentration of KSO, lett in the solution = 


10 mmol 
200 mL 


= 0.05 M 


Concentration of KC] formed in the reaction = 


05M | 


» iu 


1.17. PERCENT YIELD 


The exp erimental yield or actual yield in any reaction is always less 
ian the theoretical or calculated yield from the balanced chemical 
reaction. This is because of certain side re 


s actions taking place or 
less ideal conditions then required. 


Therefore, percent yield is the percent ratio of experiment and 
theoretical yield. 
Experimental yield 


Calculated yield S409 


Percent yield = 


For example. 


24 g 32g S 

The calculated yield of MgS in the a 
experimentally it was observed to be 50 
S0 x 100 _ 
56 


GONGEPT APPLICATION EXERCISE 1.2 


Subjective Type 
1. A sample of clay was partially dried and then found 
to contain 50% silica and 7% water. The original clay 
contained 12% water. What is the percentage of silica in 
the original sample? 

. A2.0 g of mixture of Na,CO, and NaHCO, loses 0.248 g 
when heated to 300°C, the temperature at which NaHCO, 
decomposes to Na,CO,, CO,, and H,O. What is the 
percentage of Na CO, in mixture? 


Hence. percent yield = 89.28% 


Ww 


3. The molality of 1 M solution of sodium nitrate is 
0.858 mol kg^!. Determine the density of the solution. How 
much BaCl, would be needed to make 250 mL ofa solution 
having same concentration of Cl- as the one containing 
3.78 g of NaCl per 100 mL? 


4. 49 g of H,SO, is dissolved in enough water to make one 
litre of a solution of density 1.049 g cc^!. Find the molarity, 
normality, molality, and mole fraction of H,SO, in the 
solution. 


5. 4.0 g of a mixture of NaCl and Na,CO, was dissolved 
in water and volume made up to 250 mL. 25 mL of 
this solution required 50 mL of N/10 HCI for complete 
neutralisation. Calculate the percentage composition of the 
original mixture. 


6. 500 mL of 2M HCI, 100 mL of 2M H,SO,, and one gram 
equivalent of a monoacidic alkali are mixed together. 
30 mL of this solution required 20 mL of 143 g Na,CO,-xH,O 
in one litre solution. Calculate the water of crystallisation 
of Na,CO,-xH,O. 
Objective Type 
7. i. A certain compound has the molecular formula X40, 
If 10 g of X,O, has 5.72 g X, then atomic mass of X is: 
(1)32amu (2)42amu  (3)98amu (4) 37 amu 
li. For 109% labelled oleum, if the number of moles of 


iv. 


vi. 


iv. 


V. 
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H,SO, and free SO, bep and q. respectively. then what 


. .p-4. 
will be the value of lia? ? 


Pp+qd 


(1) 1/9 (2)9 (3) 18 (4) 1/3 


iii. Hydrogen peroxide in aqueous solution decomposes on 


warming to given oxygen according to the equation, 
2H,O, (aq) » 2H,O(1) + O,(g) 

Under conditions where | mol of gas occupies 

24 dm?. 100 cm? of X M solution of H,O, produces 

3 dm? of O,. Thus, X is i | 

(1) 2.5 (2) 0.5 (3) 0.25 (4) ] 

4 g of sulphur is burnt to form SO,. which is oxidised 

by Cl, water. The solution is then treated with BaCl, 

solution. The amount of BaSO, precipitated is: 

(1) 0.24 mol (2) 0.5 mol 

(3) 1 mol (4) 0.125 mol 

A reaction occurs between 3 moles of H. and 1.5 moles 

of O, to give some amount of H,O. The limiting reagent 

in this reaction is 

(1) H, and O, both (2) O, 

(3) H (4) Neither of them 

4I* + Hg?* —— Hglj^: 1 mole each of Hg^ and 

I? will form : 

(1) 1 mol of HgIj?- 

(2) 0.5 mol of HgI,7- 

(3) 0.25 mol of Hg? 

(4) 2 mol of HgI,?- 

The molarity of an aqueous solution of glucose 

(CC;H,4O;) is 0.01. To 200 mL of the solution, which 

of the following should be carried out to make it 0.02 M? 


I. Evaporate 50 mL of solution 

II. Add 0.180 g of glucose and then evaporate 50 mL 
of solution 

III. Add 50 mL of water 

The correct option is: 

(DI (2) lll (Du (4) I. H. HI 

The atomic mass of Cu is 63.546. There are only two 

naturally occurring isotopes of copper Cu™ and Cus 

The percentage of natural abundance of Cu® is nearly 

(1) 30 (2) 10 (3) 50 (4) 73 

An aqueous solution of urea (NH,CONH,) is 3.0 molal. 

The mole fraction of urea is i : 

(1) 0.33 (2) 0.25 (4) 0.05 

0.2 M HSO, (I mL) is diluted to 0000 times of its 

initial volume. The tinal normality of HISO} is: 

(1)2*x10* (2)2x 104) (34^ 103 (025 107 

Which of the following quantities are dependent on 

temperature? 

(1) Molarity 

(3) Mole fraction 


(3) 0.66 


(2) Normality 
(4) Molality 


1.8 g mL“) is 90% by 


vi. A sample of H,SO, (density 
f the acid that has to be 


weight. What is the volume o 

used to make 1 L of 0.2 M H,SO, ? 

(1)16mL (2) 18 mL (3) 12mL_ (4) 10 mL 
vii. The hydrated salt Na,SO, ‘nH,O undergoes 55. 9% loss 

in weight on heating and becomes anhydrous. The value 

of 1 will be 

(133 (2) 7 
viii. 0.2 mol of HCI 
dissolved in water to produce 
molarity of Cl” is 
(D0.06 M (2 i 12M | (3) 0.09 M (4) 0.80M 
The density of 1 M solution of NaCl is 1.0585 g mL !. 


(3)3 (4) 10 
and 0.1 mol of barium chloride is 
a 500 mL solution. The 


ix 
The molality of the solution is 
(1) 1.0585 (2) 1.00 (3)0.0585  (4)0.10 
x. Hy drochloric acid solutions A and B have concentration 


of 0.5 N. and 0.1 N, respectively. The volume of 
solutions A and B required to make 2 L of 0.2 N 
hydrochloric acid are 


(1)0.5 LofA+ 1.5 Lof B 
(2) 1.0LofA+1.0LofB 
(3) 0.75 LofA+ 1.25 L of B 
(4) 1.5 L of A — 0.5 L of B 


LL PLEO, is a tribasic acid and one of its salt is NaH,PO,. 
What volume of 1 M NaOH solution should be added | 
to 12 g of NaH,PO, to convert it into Na,PO,? 


y volume of this solution that should be used so that | 2 


g of BaSO, may be precipitated from BaCl, is... 
(molecular mass of K,SO, = 174 and BaSO, = -2y 


d. Theresidue obtained on strongly heating 2.76 g Ag, CO 
] 


[Ag,CO, —— Ag + CO; + O] 
Atomic mass of Ag = 108 


. a. The mass of MgCl, should be dissolved in 750 g of 


water in order to prepare a 1.05 m solution is .......... 
b. The percentage composition (by mass) and mole 
fraction of each component in sugar solution contain. 
ing 1000 g of sugar in 2000 g of water is ........... 
a. 224 L of ammonia at STP neutralised 100 mL of a 
solution of H,SO,. The molarity of acid is ............ 
b. The equivalent weight of a metal carbonate 0.84 g 
of which reacts exactly with 40 mL of N/2 H,SO, is 
c. 1.575 g, rol hydrated oxalic acid (COOH),-nH,0 
is dissolved in water and the solution is made do 


250 mL. On titration, 16.68 mL of this solution is 
required for neutralisation of 25 mL of N/15 NaOH. | 
The value of water crystallisation, i.e., 7, is ........... 

d. 1 mL of H,PO, was diluted to 250 mL. 25 mL this 
solution retired 40.0 mL of 0.10 N NaOH for 
neutralisation using phenolphthalein as indicator. The 
specific gravity of acid is ............ : 

e. The density of 1.48 mass percent calcium ydo 
solution is 1.025 g mL-!. The volume of 0.1 M HCI 
solutions required to neutralise 25 mL of this solution 


(1) 100 mL (2) 200 mL NNNM 
(3) 80 mL (4) 300 mL ! IE " 
mut to cM UM ANSWERS al tA 
ib Sulphuryl chloride, SO,Cl,, reacts with H,O to give M 
mixture of H,SO, and HCl. Aqueous solution of one Subjective Type 
mol SO,Cl, will sA neutralised by 1. 47.3% 
(1) 3 mol of NaOH (2) 2 mol of Ca(OH), 2. 66.4% 
(3) Both (4) None 3. d= 125 g mL“, 168g 
iii. The normality of a mixture obtained by mixing 100 mL - 
of 0.2 M H,SO, with 100 mL of 0.2 M NaOH is: d D MELON Dm; 0905 
(1)0.05N (201N — (3)0.15N (402N 5. 66.25% 
iv. 100 mL solution of 0.1 N HCI was titrated with 0.2 6. 10 
N NaOH solutions. The titration was discontinued Objects Tone 
after adding 30 mL of NaOH solution. The remaining á M da 
titration was completed by adding 0.25 N KOH 7. i. (D), ii. (1), iii. (1), iv. (4), v. (4), vi. (3) 
solution. The volume of KOH required from completing 8. i. (3), Hi. (4), ili. (4), iv. (3), v. (D, (2), vi. (3), vii, CD 
the titration Js: viii. (4), ix. (2), x. (1) (=), VI. (3), vtt. (4, 
| (1)70mL  (2)35 mL (3)32mL  (4)16 mL 9, i. (2), ii. (2), iii. (2), iv. (4) 
| Fill in the Blanks Type das cM 
| 10. a. The equivalent weight of NaHCO; is... mdai Fill in the Blanks Type 
| SO, 1s PEET, 2 10, il, RE, 32, b. 100%, C. ALS mL, d. 2 l6 g 
b. 2 mol of 50% pure Ca(JICO.,), ating forms 5 
| op a J, on heating forms 11. 0.74.8 p, b. = %, 0.97 


| mol of CO,. The % yield of CO, is ........... | : 
c. 5 g of K,SO, was dissolved in 250 mL of solution. The I2. a. 0.5 M, b. 42, e. 2, d. 1.32 g mL, e. 102.54 mL | 
, i j 


Law 


—— 


|. Solved samples 


sof Chemical Combination 


3 g of ethane C,H, on complete combustion gave 8.8 g of CO, 
and 5.4 g of water. Show that the results are in accordance with 
ihe law of conservation of mass, 


First method: 


. 7 

CH, + 720; —> 2CO, + 38,0 

12x 246 HE 44x 2 I8x3 

Wy lir = 88g =54p 
12g 


a. 30g of C,H, = 88 g of CO, 
3 g of C,H, = 8.8 g of CO, 
b. 30 g of C,H, = 54 g of H,O 
3 g of C,H, = 5.4 g of H,O 
c. 30g of C,H, = 112 g of O, 
3 gof C,H, = 11.2 g of O, 
Weight of reactant = 3 + 11.2 = 14.2 g 
Weight of product = 8.8 + 5.4= 14.2 g 
Hence, the law of conservation of mass is verified. 
Second method: 


Weights of C and H contained in 8.8 g of CO, and 5.4 g of 
H,O are 


l 12 x 8.8 
Weight of C in 8.8 g of CO, = A 24g 
2x54 
Weight of H in 5.4 g of HO = E -0.6g 
Total weight of C and H in the hydrocarbon after combustion 


-24-0.6-3g 

Since the weight of C and H after combustion is the same 
as the weight of hydrocarbon before burning, the results are 
in accordance with the law of conservation of mass. 


Weight of copper oxide obtained by heating 2.16 g of metallic 
copper with HNO, and subsequent ignition was 2.70 g In another 
experiment, 1.15 g of copper oxide on reduction yielded 0.92 
£ of copper. Show that the results illustrate the Jaw of definite 
proportions, 


‘Sol. Case I: 


Cu + HNO, —> Cu(NO,), —> CuO 
Tü 


(2.16 g) 
Weight of oxygen = 2.7 - 2.16 = 0.54 g 
0.54 x 100 
% of O, in CuO = ———— = 20% 
o of O, in CuO 27 : 
Case II: 


Copper oxide taken = 1.15 g 

Copper left = 0.92 g 

Oxygen present = 1.15 — 0.92 = 0.23 g 

0.23 x 100 
1.15 


% of 0, in CuO = = 20% 
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Percentage of oxygen is same in both the cases so law 15 
verified. Similarly, the law can be verified by calculating 
the percent of Cu in both the cases. 


EL PPSERRUT LUPA E ES 
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AMPLE io | | Md dieu = M 


In experiments on the effect of heating on oxides of lead in a 
current of hydrogen the following results were obtained. Show 
that they are in agreement with the law of multiple proportions. 


a. 1.393 g of litharge (PbO) gave | .293 g of lead 
b. 2.173 g of lead peroxide (PbO,) gave 1.882 g of lead 
c. 1.712 g of red lead (Pb,O,) gave 1.552 g of lead 


a. Weight of PbO = 1.393, 
Weight of Pb = 1.293, 
Weight of O, = 1.393 — 1.293 = 0.1 g 
0.1 g of O, combines with 1.293 g of Pb. 


| g of O, combines with zi - 2.93 g of Pb 


b. Weight of PbO, = 2.173 g 
Weight of Pb = 1.882 g 


Weight of O, = 2.173 — 1.882 = 0.291 g 
0.291 g of O, = 1.882 g of Pb 


iur = 6.46 g. of Pb 
0.291 
c. Weight of Pb,O, = 1.712 g 
Weight of Pb = 1.552 g 
Weight of O, = 1.712 — 1.552 = 0.16 g of O, 
^. 0.16 g of O, = 1.552 gof Pb 
1.552 


| gof O, = Me ee 


Therefore, weight of Pb in three cases which combines 
with a fixed mass (1 g) of O, 


1 g of O, = 


= 12.93 : 6.46: 9.7 
12.93 6.46 9.7 " 
= :— :— =2:1:1.5 

6.46 6.46 6.46 
=4:2:3 


Hence, the law of multiple proposition is verified. 


Alternatively, the weight of O, in three cases which combines 
with a fixed mass of Pb can also be calculated and they will 
also bear a simple whole number ratio, which proves the law 
of multiple proportions. 


PP hid Van eL ME RT ERE RR T Nan 
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Two oxides of metal were found to contain 31.6% o and 48? of 
oxygen, respectively. If the formula of first ts represented by 
M,0,, find that of the other. 


First oxide 


First method: 


Second oxide 


M,0, M,O, 
O= 31.6% O = 48% 
M = 68.4% M = 52% 


I SSS! ITO TENN Less 


1.40 Physical Chemistry 


AC = 42.86 : 57.14 


: imilarly, the ratio of A and C in 
Let the atomic weight of the metal - M g Similerly, wera | 42.86 57.14 
(2M + 48) g of M,0, contains = 2M g of metal ~ 42.86 42.86 
2M x 100 ET 
100 g of M,O, contains = ey = 68.4 = 171,333 
ae 2M + 48 | 
Solve for M = 52 The two ratios are A:C 
Atomic weight of metal = 52 3 NN 
Therefore, in second oxide: | 1.333 
B 48 B M- 52 i 3:6 
16 E 1:2 l TP 
Therefore, formula = MO, Hence, the law of reciprocal dbi diss Is verified, 
Second method: mo i) 7 LAT. D m) ^ de 
First oxide: "neta forms two oxides. The higher oxide contains 80% 
68.4 g of M contains = 31.6 g of oxygen metal. 0.72 g of the lower oxide gave 0.8 g of higher oxide when 
- 31.6 x 52 oxidised. Calculate the weight of oxygen that combines with 
PAE OT M contdinse- 684 DEBEO the fixed weight of the metal in the two oxides, and show that 
Ratio of O in M,O, and M.O = 24-48 (given) = 1:2 the data supports the law of multiple proportions. 
273 2% ` i RERE a . . 
Therefore, the ratio of O in second oxide should be twice | Sol.) First method: 


VM Dad pic ion 


the oxygen in first oxide and the % of M is fixed. Since, 0.8 g of higher oxide is obtained from 0.72 g of 


Therefore, first oxide — M,O, 
Second oxide = M,O, or MO, 


Third method: 
a. 68.4 g ofM in first oxide = 2 atoms of M 
| 2 x52 
52 g of M contains = 684 =1.5 atoms of M 
b. 31.6 g of oxygen in first oxide contains = 3 atoms of 
oxygen 
3 x 48 


48 g of oxygen contains = 31.6 


— 4.5 atoms of oxygen 
Ratio of M:O- 1.5:4.5=1:3 
Thus, the formula is MO,. 


elg GIR OE P MuR 
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d C are three elements giving compounds AB, AC, and 


BC. AB contains 75% of A, AC contains 57.14% of C, and BC 
contains 11.1196 of B. Show that the results illustrate the law 


of reciprocal proportions. 


] AC = 42.86% A, 57.14% C A 


In AB: 


BC = 11.11% B, 88.89% C AB m 
25 g of B combines with 75 g of A. B = C 


"Ww . 
1 g of B combines with 25" 3 g of A. 


In BC: 


11.11 g of B combines with 88,49 g of C, 
, 88.89 
1 g of B combines with ILI -8gofC. 


Ratio of A and C which combines with a fixed mass of B 
(1 g)=3:8. 


lower oxide, therefore, the weight of lower oxide that would 
produce 100 g of higher oxide on oxidation 


_ 0.72 x 100 =o 
0.80 


Thus, 90 g of lower oxide contains as much metal as 100 g 
of higher oxide, i.e., 80 g (given). 

Hence, 80 g of metal combines with 10 g of oxygen in the 
lower oxide and 20 g of oxygen in the higher oxide. The 
weights of oxygen that combine with the same weight ofthe 
metal in the two oxides are in the ratio of 10:20 or 1:2. The 
ratio, being simple, proves the law of multiple proportions. 
Second method: Lower oxide + O, —> Higher oxide 
Lower oxide: 0.72 g i 

Weight of oxide = 0.72 g 

Weight of M (fixed weight) = 0.64 g 

Weight of O, = 0.72 — 0.64 = 0.08 g of O, 

Higher oxide: 0.2 g 

100 g of oxide contains > 80 g of M 


0.8 g of oxide contains > x 0.8 => 0.64 g of M 


Weight of O, = 0.8 — 0.64 = 0.16 g of O, 
Ratio of oxygen in lower oxide and higher oxide 
= 0.08:0.16 2 1:2 
Limiting Reagent 


| gei senes wx" it È 
UERAMBEE Vom. ud oie d 
500 mL of'0.2 M NaCl sol, is added to 100 mL of 0.5 M AgNO, 
solution resulting in the formation of white precipitate of AgCl. 


How many moles and how many grams of AgCI are formed? 
Which is the limiting reagent? 


So) Naci + AgNO, —> AgCI + NaNO, 
500 x 0,2 100 x 0.5 
=100 mmol = 50 mmol 


Some Basic Concepts and Mole Concept 1.41 


50 mmol of AgNO, will react with 50 mmol of NaCl and 50 
mmol of AgCI will be formed. 


AgCI = 50 m moles = 50 x 10 = 0.05 mol 
Weight of AgCl = 0.05 x 143.5 = 7.175 g 
Hence, AgNO, is the limiting reagent. 


AMEL pe - | B j Y $ ki . Bs" Lob o NM. » RS ; nm 
EX E pe 2 4 ANC ` eL TNC. CASEN Ww s d n3. P y say? N 
Upon mixing 50.0 mL of 0.1 M lead nitrate solution with 50.0 


mL of 0.05 M chromic sulphate solution, precipitation of lead 
sulphate takes place. How many moles of lead sulphate are 
formed? Also, calculate the molar concentration of the species 
left behind in the final solution. Which is the limiting reagent? 


[BaP 3Pb(NOj. + Cr(SO,), — 3PbSO,l + 2Cr(NO,), 


3 mmol 1 mmol 3 mmol 2 mmol 
Initial 50 X 0.1 50 x 0.05 
— 5 mmol 2.5 mmol 


a. 3 mmol of Pb(NO,), = 1 mmol of Cr(SO,), 


1 
5 mmol of Pb(NO,), = 3 x 5= 1.66 mmol 


b. Since Pb(NO,), is completely consumed, so it is a limiting 
reagent. 
Cr,(SO,); left = 2.5 — 1.66 = 0.833 mmol 
3 mmol of Pb(NO,), = 3 mmol of PbSO, 
5 mmol of Pb(NO,), = 5 mol of PbSO, 
— 5 x 10? mol 
— 0.005 mol of PbSO, 
c. 3 mmol of Pb(NO,), = 2 mmol of Cr(NO,), 


2 
5 mmol of Pb(NO,), = 3 x 5 = 3.33 mmol 


Total volume = 50 + 50 = 100 mL 
Concentration of Cr(NO,), in the solution 
mmol 3.33 


= = — =0.033M 
mL 100 


833 


0. 
d. Concentration of Cr,(SO,), left = 700 0.0083 M 


Empirical and Molecular Formulae 


: Log pate m AL a 
What is the percentage of al 
O = 16). 


BAP Mw ofALO, =27%2+16x3=102g 


Bey Ue s 
e S S, w 


1,0,? (Al = 27, 


T Arp E LY SD. 
n AMRA A 


uminium in 


54 x100 
102 


% of Al = = 52.94% 


1 , A A 
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What is the percentage composition of each element in zinc- 
phosphate Zn (PO)? (Zn = 65.5, P = 31, O = 16) 


Mw of Zn,(PO,), = 65.5 x 3 + 2[31 + 16 x4] 
= 196.5 + 2 x 95 = 386.5 


% of Zn = CN — 50.84% 


62 x100 
128 x 100 
% of QE CN ee 


An organic compound consists of 6.023 » 1023 carbon atoms, 
1.8069 x 1024 hydrogen atoms, and 3.0115 x 10 oxygen atoms. 
What is its simplest formula?. 


| M 6.023x10? _ 
pulmo Moles of C= © 093 x 102 
— 1.8069 x 1074 _ 
968 ee 6,023 x 1077 
3.0115 x 10? 
Moles of O = ————,_ = 0.5 


6.023 x 10? 
C:H:021:3:05—2:6:1 
Empirical formula = C)H,O 


| What is the simplest formula of a comp- ound that contains 
0.25 g atom of silicon per 0.50 g atom of oxygen? 
Sol. | 0.25 g atom or mol of Si = 0.5 mol of oxygen 


1 mol dec — 2 mol of oxygen 
MD e= 035 Á 


Formula: SiO, 


CUNY SSR SY term co Dp L 
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3g m reacts completely with 0.652 g chlorine 
to form chloride of aluminium. 


a. What is the empirical formula of the compound? 
b. If molecular mass ofthe compound is 267 amu, calculate 
the molecular formula of the compound. 
| Sol. | 0.1653 g of Al = 0.652 g of chlorine 
0.652 
0.1653 
— 106.95 g of chlorine 


a. 27 gofAl= x 27 
f 10 
Moles of Chlorine = 35.5 229 


Therefore, formula = AICI, 
b. Mw = 267 g 
Empirical formula weight of AICL, = 27 + 3 x 35.5 


= 133.5 


Molecular formula = 2 x AICI, = Al,Cl, 


— 3 


the oxide. (Co = 59 amu) 
Sol. Weight of O = 0.2075 — 0.1475 = 0.06 g 
0.1475 
59 


Mol of Co = = 0.0025 


0.06 
Mol of 0 = -5 = 0.003 


"E 0.0025 
Simplest ratio of Co = 0.0025 =1.0 
Simplest rati (ose eda 
plest ratio o TEE 


Ratio of Co:O21:1.5-72:3. 


Formula = Co,0, 
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The molecular mass of an iodide of tin (Sn) is 626.5 amu. What 
is the empirical formula of the substance? (I — 127, Sn= 118.5) 
“Sol. Let the formula of iodide of Sn = Snl, 
Since the valency of Iodide = —1 
-. Sol, = 118.5 + 127 x x = 625.5 
Solve for x: 


“x=4 


Formula = Snl, 


Z What 
22% S and 78% F? (S = 32, F = 19) 


l Element Moles Least ratio 
22 0.6875 
— Z = ] 
> 32 0687 0.6875 
78 4.10 
— = = 5,97 = 6 
F 19 sd 0.6875 


Formula = SF, 


A substance used as a water softener has the following mass 
percentage composition : 42.07% Na, 18.9% P, and 39.04% of 
oxygen. Determine the empirical formula of the compound. 
(Na = 23, P = 31, 0-16) 


Element Moles Least ratio 
42.07 ].829 
— C mime c 3 
Na a ee 0.6 
18.9 0.6 
EIL Y Ez] 
E 3] ue 0.6 


A 0.2075 g sample of an oxide of cobalt on analysis was found 
to contain 0.1475 g cobalt. Calculate the empirical formula of 


| Sol.) g atom = 


. 2.44 
O 39.04 _ 5 44 244 4 
16 0.6 


Empirical formula = Na,PO, 


Element Moles Least ratio Whole number 
ratio 
C T = 3.66 t =3.3 7 
H = = 2.09 = =2 4 | 
Cl = = 1.04 a =] 2 | 
O D = 1.04 EN =] 2 


" Seb gee 
A 0.534 g of a sample of haemo 


globin on analysis was found to 
contain 0.34% Fe. If each haemoglobin molecule has four Fe” 
ions, what is the molecular mass of haemoglobin? (Fe = 56 amu) 


Sol. 100 g of haemoglobin contains = 0.34 g of Fe 
1 mol of haemoglobin contains = 4Fe~* ions 
. =4x56g=224¢ 
~<. 0.34 g of Fe is present in 100 g of haemoglobin ` 


' 100 x 224 


224 g of Fe is present in = = = 65882.4 g 
0.34 


Mw of haemoglobin = 65882.4 g 
Avogadro’s Hypothesis and Mole Concept 
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How many g atoms and number of atoms are there ìn (a) 60 g 
carbon, (b) 224.4 g Cu, and (c) 72.52 g lead. Given atomic 
masses of C, Cu, and Pb are 12, 63.6, and 207.2, respectively. 
(Avogadro's number = 6.02 x 10°), 
Weight 
Atomic weight 
Weight x N4 | 


and number of atoms = ; : 
Atomic weight 


a. l'or 60 gC: 


«0 s 
g atom = B7 


~ 


224.4 x 6.02 x 107 


= 30.1 x 107 
63.6 ata 


Number of atoms = 


b. For 224.4 g Cu: 


g atom 


, 2244761 21 
Number of atoms - —— ^ 002 » 10°" 


vun "Ys = 2124 » 
c. For 72.52 g Pb: 

paom = 3579-935 

Number of atoms = TT al ul =2107 > 1922 


207.2 


Jind the number of g atoms and weight of an element having 
2 x 10” atoms. Atomic mass of element is 32. 


‘Sol. N atoms have ] g atom 


2x 107 


.2* 102 atoms = ——————. = 
Au 6.023 x 102 0.33 g atom 


- Natoms of element weight 32 g 
. 2x 10” atoms of element weigh 


as 
6023x102 ~~ & 


Aaiculate the number of atoms and volume of 1 g helium gas 
at STP. 

(SA) 4g helium has 6.023 x 1073 atoms 

6.023 x 10” 

Eme acm 

= 1.506 x 10” atoms 


-. 1 g helium has atoms 


zi 4g helium has volume at STP = 22.4 L 


; 22.4 
-. lghelium has volume at STP = E is 241 


From 200 mg of CO,, 10?! molecules are removed. How many 
grams and moles of CO, are left? 


‘Sol. 6.023 ~ 10°? molecules of CO, = 44 g 
44 x 107! 


- 102! = —— 
. 10°" molecules of CO, 6.023 x 1023 


= 7.31 x 10? = 73.1 mg 
^. CO, left = 200 — 73.1 = 126.9 mg 


Weight — _ 126.9 «10 * 
Also, moles of CO, = Molecular weight 7 44 
= 2.88 x 103 


Weight of one atom of an element is 6.644 x 10 ™ g. Calculate 
& atom of element in 40 kg. 


CD 


3 


e .- 
Leo arrests ant We IASS. iA 


BE weg of 1 aom of eiemem = 6644 7 i07 z 
Weight of Y atom of element 


- Gy G44 s Ig — 123 » Ie 


= A) 
- 40 g weight of clement has 1 g aom 
- 40 7 19 7 g weight of elermect 


A0 » 19 : 
= ————— = 19 g zom 


^^ How many g of S are required to produce 190 moi and 106 z 
H.SO, separately? 
NN i mol of HSO, 5as- 3225 
-- 100 mol of H-SO, has = 32 » | 
- 98 g H-SO, has S = 32g 
32x100 | 


- 
M 
Il 
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E 
w 
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- 100 g HSO, has S = 


Calculate the number of oxalic acid molecules in 109 ml of 
0.02 N oxalic acid. 
‘Sol. Normality = 0.02 


R 0.02 Ride: : 5 
-. Molarity = m (— Valency cor — 2) 
E E E . 4,992. 100 
-. Moles of oxalic acid — > "1000 


(— Moles = M x E) 
-. Number of molecules of oxalic acid 
= 0.001 x 6.025 x 10° 
= 6.023 x 107? 


Haemoglobin contains 0.25% iron by weight. The molecular 
weight of haemoglobin is 89600. Calculate the number of iron 
atom per molecule of haemoglobin. 


Sal) 100g haemoglobin has = 0.25 g Fe 


0.25 x S9600 
100 
= 2249 Fe 
* 1 mol or N molecules of haemoglobin has 
n y 


89600 g haemoglobin has = 


= g atom Fe 


= 4 g atom Fe 
Therefore, 1 molecule of haemoglobin has 4 atoms of Fe. 


P and Q are two elements that form P,Q, and PQ.. I£0.15 mole 
of P,Q, weighs 15.9 g and 0.15 mole of PQ, weighs 9.3 g, what 
are the atomic weights of P and Q? 


1.44 Physical Chemistry 


Sol. Let the atomic weights of P and Q are a and b, respectively. 


: Molecular weight of P,Q, = 2a + 3b 
and molecular weights of PQ, = a + 2b 


Now given that 0.15 mole of P,Q, weighs 15.9 g 


Weight 
(2a + 3b) = ME b ace = mole) 
Similarly, a + 2b = E = 
Solving these two equations 
b =18 
a =26 


| Find t the tal Reales of dd 
a. Ca(OH), in 74 g b. NaOH in 20 g 
c. H,SO, in 2.45 g 


mEq of Ca(OH),= T x 1000 = x 1000 = 2000 
mEq of NaOH = I x 1000 (^ Enaou- = 40) 
= 500 
mEq = : = x 1000 ( Ego, = 49) 
= 50 


Calcitate the pesa of NaOH vt 2g g is CER in 800 
mL solution. 


Sal N= Equivalent 
— Va (in L) 


~ Equivalent of NaOH = 25 


2 


| 800 
and volume of solution = —— L 


1000 
. 2x1000 _ 9.0625 
40 x 800 


Calculate normality and molarity of the following: 
a. 0.74 g of Ca(OH), in 5 mL of solution, 
b. 3.65 g of HCI in 200 mL of solution. 

c. 1/10 mol of H,SO, in 500 mL of solution. 


* Equivalent of Ca(OH), = DE [a= = = 2 
We 


Em 


Volume of solution = 5 mL 


.0.74x1000x2 _ 
i 7A x 5 


3.65 
` 36.5 
and Volume of solution = 200 mL 
3.65 x 1000 
~ 365x200 - 


b. - Equivalent of HCl = 


eds 
~ Valency 1 


and M 


1 
c. pa of H,SO,= 10 x2 


(^: Eq = Mole x Valency) 
Volume of solution = 500 mL 
_ 2x1000 | 
~ 10x 500 — 


M- 4.02 
2 


| Calculate the normality of the resulting solution made by adding 
2 2 rope (0.1 mL) of 0.1IN H,SO, in 1 litre of distilled water. - 


Sol.’ mEq of solute does not change on dilution 
-. mEq of H,SO, (conc) = mEq of H,SO, (dil) 
0.1 x 0.1 =N x 1000 ( mEq- Nx V. , in mL) 
N10? 


What volue at STP at ammonia gas will be ue to be 
passed into 30 mL of N H SO, solution to bring down the acid 
normality to 0.2 N? 


mEq of original H,SO, = 30 x 1 = 30 
mEq of H,SO, after passing NH, =30 x 0.2=6 
^. mEq of H5SO, lost = 30 — 6 = 24 
^. mEq of NH, passed= mEq of H,SO, lost 


W 
" —x]1000 22 
17 
3 Wyn, = 0.408 g 
.. Volume of NH, of STP = — 


= 0.5376 L = 537.6 mL 


RTS 


In what ratio should 
S 


ALAS en ise NIA IR NS EB SAI QI A UR EL | diit 
alculate the normality of mixture obtained by mixing 

. 100 mL of 0.1 N HCI + 50 mL of 0.25 N NaOH 

. 100 mL of 0.2 M H,SO, + 200 mL of 0.2 M HCI 
100 mL of 0.2 M H SO, + 100 mL of 0.2 M NaOH 


- 1 g equivalent of NaOH + 100 mL of 0.1 N HCI 


. mEq of HCI = 100 x 0.1 = 10 
mEq of NaOH = 50 x 0.25 = 12.5 


Because HCI and NaOH neutralise each other with equal 


equivalents 
mEq of NaOH left = 12.5 10-25 
Volume of new solution= 100 + 50 = 150 mL 


2.5 
RS NwaOH left = 150 = 0.0167 


b. mEq of H,SO,= 100 x 0.2 x 2 (~ N= M x Valency) 
— 40 
mEq of HCI- 200 x 0.2 x 1= 40 
-. Total mEq of acid- 40 + 40 = 80 
Total volume of solution= 300 mL 


D. N cid solution - 300 = 0.267 


c. mEq of H,SO,= 100 x 0.2 x 2- 40 
mEq of NaOH= 100 x 0.2 x 1 =20 
-. mEq of H,SO, left after reaction = 40 — 20 = 20 
Total volume of solution= 100 + 100 = 200 mL 


20 
Á Ng so, left = 200 = 0.1 


d. mEq of NaOH= 1 x 1000 = 1000 
mEq of HCl = 100 x 0.1 =10 
^. mEq of NaOH left after reaction = 1000 — 10 = 990 
Total volume of solution = 100 mL 


990 
oe Nyon left = 100 =9.9 


you mix 0.2 M NaNO, and 0.1 M Ca(NO 
olution so that in resulting solution, the concentration of —ve 


‘ons is 50% greater than the concentration of +ve ions? 


Let V, mL of NaNO, is mixed with V, mL of Ca(NO 
mmoles of NaNO, mixed = 0.2 x V, 
mmoles of Ca(NO,), mixed = 0.1 x y, 
" Mol ratio of Ca2*: NO,;° in Ca(NO,), is 1:2. 
"- Molarity of NO,° in the mixture 


3» 
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" 


= [No£] of Nano, + [No,"] of Ca(NO,), 


_ 0.2 x V, 
(V + V,) 


0.1 x 2 x V, 
(Vi +n) 
_ 02V, + 02V, 
7 Vy V, 
Similarly, molarity of Na? and Ca?* in mixture 
|202xV,  01xV, 
Kek WV, 
_ 02V, - 0.IV, 
J V +n 


Now given that 


3 
Molariy of NO,° = = Molarity of Na? and Ca2* 
3 2 ty 


0.2% +0.27) 3 | 0.2V, + a 
5 *V, 


V tV, 2 


RT EMI 


XEM i . Eg m 
~ Pri ig rr ee - —-— 


o make 0.20 N solution from 


What volume of water is required t 
1600 mL of 0.2050 N solution? 


Sol.) mEq of concentrated solution = 1600 x 0.2050 = 328 
Let after dilution volume becomes V mL. 

mEq of diluted solution = 0.20 x V 

<. 328 = 0.20 x V 

V= 1640 mL 


Thus, the volume of water used to prepare 1640 mL of 0.20 
N solution = 1640 — 1600 = 40 mL 


TEM SRT 
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20 mL of 0.2 M Al,(SO,), is mixed with 20 mL of 0.6 M BaCl. 
Calculate the concentration of each ion in solution. 
| Sol.) Al,(SO,); + BaCl, > BaSO,1 + AICI, 
mEq before 20x 0,2 x6 20 x 0.6 x 2 0 0 
mixing =24 =24 
mEq after 0 0 24 M 
mixing 


mEq = N x V (in mL) = Mx Valency 


^ 
' 3+] = = =()9 
ios ] 40x3 0.2 M 
Total volume = 20 + 20 = 40 mL 
24 
O] s —— = 
[C19] 40 0.6M 


No concentration of Ba?* or SO, 
BaSO, gets precipitated. 


in the solution since 


1.46 mu hysical Chemistry eee 
XAM rR re pene NOME 354x100 
“À a | ON ulii. M CC yy ERE M= remite S 
How — Lu 18x 1000 
How much BaCl, a Would be needed to make 250 mL of a solution | 
g same concentration of CI as the one containing 3.78 g W, x 1000 


of NaC! per 100 mL, me 


aN NN 
Mwy * (Vooi * doy - W;) 
WSO v, - 378x1000 

NaCl Sg 5x100 35.4 1000 


58.5 x 100 - Sra Anne itt aS A) 
= 0.646 118 (1000 x 1.0077 — 35.4) 
Let W g of BaCl, is dissolved in 250 mL, then _ 354x1000 | 
N W ~ 118x9723 ` 
Cl, QQ ep = 0.0385W 
Bac rece N=nx M=2x 0.3 =0.6 
— . Ms Weight of solvent (W) 
i P a = Weight of solution — Weight of solute 
~ Naci = Nac, ee 
~ 0.646 = 0.038517 | 7 Fool * Aot 72 
= 16.80 g = 1000 x 1.0077 - 35.4 = 972.3 
W,/M | 
n 2 w: i 
PERCENTAGE V/V | Y= "m WD OW | 
— 4L 
A : j | | ; Mw, Mw, 
Calculate die molarity and molality of 20% : aqueous PES _ _35.4/118 
(CHOH) solution by volume. (density of solution = 0.96 g 972.3 " 354 
mL) | I8 — 118 
(SP C,H,OH is 20% by volume, i.e., 20 mL of C,H,OH is E 
dissolved in 100 mL of solution. = 4103 0.0055 


Volume of H,O = 100 - 20 = 80 mL 
Weight of H,O = 80 x 1= 80 g (dio -]) 


1, = 1-357 1- 0.0055 = 0.9945 


Weight of solution = 100 x 0.96 = 96 g (E 142 PANI AON Ii iS 
Weight of C,H,OH = 96 — 80 - 16g e A solution contains 2 80 moles of acatone e (CH COCH) and 
(Mw of CH.OH = 12 x 2+5+16+1=46) 8.20 mole of CHC1,. Calculate the mole fraction of acetone. 
. EN NN 2.80 28. 255 | 
b ND à tm 82428 Il | 


T Mw,” Va 46x100 — 


W, 1000 — 16%1000 _ PA a a i AS ut QR NS 
— Mw, * W, 46 x 80 The percentage composition (by weight) of a solution iS 
45% X, 15% Y, and 40% Z. Calculate the mole fraction 
of each component of the solution. (Molecular mass of | 


m 


p" " NaOH a are dissolved i in 100 mL of: aqueous yablition, what X = 18, Y = 60, and Z = 60) 
9 " 
will be the difference in its normality and molarity? | soi X=45%, n = 45 225 
Weil) (Mw of NaOH = 23 + 16 + 1 = 40) 18 


W, 71000 471000 15 
-——— = ed Y- 15%,n, = — - 025 
M= Ww,” V, 407100 a i 


: (Since NaOH i is monobasic acid its normality and molarity Z e 4004. n; s 40 = 0.666 
will be same). 3 


M 2.5 


Qu n + Ny d | 2.5 0.25 + 0.666 


An wnt solution of — acid ren mass — - 118) 
containing 35.4 g of acid per litre of the solution has density 2.5 
1.0077 g mL. 3.416 


Express the concentration in as many ways as you can? 


7ST LD OL 


Ny 0.25 0.0 Weight of solution = 100 x 1.84 =184 g 
ee nie ceni D (7 
X» mtn tn, 3.416 i Weight of water = 184 -93 = 9] g 
J 000 9: 000 
Yol X2)] = (1 — 0.73 — 0.073) = 0.195 Molality (n) — V, ~1000 937100 i423 


Mw, >W, 9879] 


: APM INTEL, RU coe Akar i A aS 
What is the normality and nature of a mixture obtained by mixing What would be the molality of a solution obtained by mixing 
0.62 g of Na,CO,'H.O to 100mL of 0.1 N H,SO,? equal volumes of 30% by weight H,SO, (d = 1.218 g mL“) 
7 à ja ; 
“Sol. mEq of Na,CO,H,0 = 0.62 x 1000 [E x 1000 — mEq) and 70% by weight H5SO, (d= 1.610 g mL y? If the resulting 
ll d 62 E solution has density 1.425 g mL-!, calculate its molality. 
= ]O 
mEq of H,SO, = 100 x 0.1 = 10 Sol.) Let om of each are mixed. 
Na,CO, + H,SO,—> Na,SO, + H,O + CO,f CORON | 
mEq added 10 10 0 0 0 H,SO, is 30% by weight. 
mEq left 0 0 10 10 10 -. Weight of H,SO, = 30 g 
E and weight of solution = 100 g 
NNa,so, ~ 100 0.1 
- : 2 lution — 
Solution becomes neutral since both acid and base are used SOAR OLSON 1.218 j 
up and Na, SO, does not show hydrolysis. 100 
es es oo ee MO ML 
A sample of H,SO, (density 1.787 g mL-!) is labelled as 86% 30 x V x 1.218 


by weight. What is the molarity of acid? What volume of acid “+ Pm. contains 77 ENSO. 
has to be used to make 1 L of 0.2 M H,SO,? 


"Sol H,SO, is 86% by weight. 


-. Weight of H,SO, = 86 g 
Weight of solution — 100 g 


For solution II. 

H,SO, is 70% by weight. 
-. Weight of H,SO, = 70 g 
Weight of solution = 100 g 


*. Vol f solution — EE = = L 00 
ONE ot sounon = 1787 ^ 7 1387 x 1000 ^. Volume of solution = 7 
86 | 
Mi sog = —————_———. = 15.68 100 
aoe i SQ. T—— mL i g H.SO,. 
98 x 100 l.e., 1.610 contains 70 g H,SO, 
1.787 x 1000 
. . 70OxV x1.610 
Let V mL of this H,SO, are used to prepare 1 L of 0.2 M ^. V mL contains ^. 100 E H.SO,. 
H,SO,. - pi " 
. mmoles of concentrated H,SO, = mmoles of dilute H,SO, On mixing these two, total weight of H,SO, 
- Vx 15.68 = 1000 x 0.2 301.218 70x 1.610) .. 
= CY Geena eed (eed ee 
^ V=12.75 mL 100 100 ih 


Total volume of solution = 21 mL 


Mole fraction of L in C,H, is 0.2. Calculate molality of I, in / 1.49247" 


-. Molarity (M) of solution = D pe 76l 
C.H,. (Mw of C,H, = 78 g mol’) OW x T 
1000 
‘Sol. x, *1000 0.21000 Now, 
= x, x Mw, ^ 08x78 . gone Weight of total solution = 21s 1.425 y= 2.851 g 


^ Weight of water = (2.857 492410) g 


1.3576} g 
Calculate molality of | litre solution of 93% H,SO, by volume. 


1.4924] 
€ density of solution is 1.84 g mL !. ^. Molality (m) of solution — l3s76F ^ 1.22 
. . 98 x —- 
Given H5SO, is 93% by volume. È 1000 


^. Weight of H,SO, = 93 g 
Volume of sólution = 100 mL 


Alternatively; (use the formula) 


OO NR MN NUM MUSEETT 
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d.a = u( 2 - 
1000 m 
l 
1.425 = 7.61 —5- 28 = 
1000 m 


4.0g Sof NaOH i is contained i in one re decilitr e oFagueous ‘solution. 


Calculate the following in the solution 
(d of NaOH solution = 1.038 g mL) 
a. Mole fraction of NaOH 
b. Molarity of NaOH 
c. Molality of NaOH 


W x1000 (1 decilitre = 100 mL) 


DEN M= 
Sol. M Mw; x Vol 
4x 1000 _ 
~ 40 x100 — 


B W, x 1000 
mE Mw, x (Weight of solution — Weight of solute) 


W, = Weight of solvent 

= Weight of solution — Weight of solute 
u ut dioi u W, 
= 100 x 1.038 — 4 = 99.8 g 
4 x 1000 
40 x 99.8 


n tmh 


"m= = 1.002 


X2 7 = 
M p. 


o 4/40 | 0l 09777 
..99.88 | 4 5.5440] 


18 40 


EXAMPLE 1 50 -— ( p PTT 
Calculate the mass fraction and mole fraction of ethyl leoni 
and H,O in a solution containing 9.2 g of alcohol in 18.0 g of 


| 92/46 | 02 
J% 92 1402 


I% 46 


= 0,166 x 0.17 


W, | 92 


Mass fraction (X,) : W, : Ww, ECL SN 


184 9.2 


0.338 — 0.34 


decer 
A solution contains 410. 3 g H SO, per litre af the soluti 


20°C. If the density = 1.243 g mL-!, what will be its molai at 

and molarity? ity 
! W, x 1000 

ae M= Mwy X Veo 


| 410.3 x 1000 
98 x 1000 


= 4.186 


7 W, x 1000 
m = Mw, x (V x d —Wy) 


7 410.3 x 1000 
~ 98 x (1000 x 1.243 — 410.3) 


_ 4103x1000 < 027 


i PBS 8007 


dist Ped He : 
Concentrated HNO, i is is 69% byi mass of nitric nem Calculate the 
volume of the golfon which contains 23 g of HNO,. (Density 
of concentrated HNO, solution is 1. 41 g mI!) 


"Sok 69 g of HNO, = 100 g of solution 
100 


29g of HNO, =m n g na 333g 


Calculate the molality of: a 1 solution Tamed byd dissolving 15.87 
g ethyl alcohol (C,H,OH) in 168 g of H,O. | 
_ W, x1000 _ 15.87 x 1000 B 
T Mw,xW, 46x168 


E Bey X 
MPLE | ES xus. `: 


EN 


‘What volume of 95% H,SO, by weight 72 1.85 g mL!) and 
15% 


what mass of water must be taken to prepare 100 mL of 
solution of H,SO, (d= 1.10 g mL"')? 


“Sol. ae 
95% 15% 
d= 1.85 ad=1.10 
V=? V, = 100 mL 
VETOES, y y EROI 
i m T x 100 


V = 94 mL 
Volume of 11,0 added = 100 — 9.4 = 90.6 mL 


Weight of HO added = 90.6 x 1=90.6g  (dm,0 = 
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a. Calculate the molality of a sulphuric acid solution in which 
the mole fraction of water is 0.85. 


b. Calculate the molality of sulphuric acid so 
mole fraction of water is 0.15. 


a. Note here solvent is water, w 


_ X2 x 1000 
7 X1 X Mw; 


lution in which the 


hich is in excess 


nm 


Xi = 0.85, xy, = 1-0.85=0.15 
0.15 x 1000 


m= ————— = 9.8 


0.85 x18 


b. Note: Here solvent is H, SO,, which is in excess. 


X2 x 1000 _ 0.15 x 1000 =18 
Xix Mw, 085x9g 19m 


n = 


A bottle of commercial sulphuric acid l 


(d= 1.787 g mL") is 86% by weight. 
a. What is the molarity of the acid? 


b. What volume of the acid has to be used to make 1 L of 
0.2 M H, SO 5 


c. What is the molality of the acid? 


a. M= % by weight x 10 x d _ 86x10 x 1.787 
l Mw, 98 


=15.68 
b. M, V, = M;V, 

15.68 x V, 202 x1 

V, = 0.01274 L = 12.74 mL 
c. W, = Weight of H,O 


= Weight of solution — Weight of solute 


= 100-86=14¢g 

_ W, «1000 

7 Mw, x W 

= 86 x4000 _ > Ge 
98 x14 


A 6.90 M solution of KOH contains 30% by weight of KOH. 
Calculate the density of the solution. 


onl: dE % by weight x 10 x d 
E Mw, 


Sox 30 x10» d 
Ling 56 
d= 1.288 g mL! 


3.5 litre of 0.01 M NaCl is mixed with 1.5 litre of 0.05 M NaCl. 
What is the concentration of the final solution? 


BD My, Mr, - M, V, 
0.01 x 3.5 + 0.05 x 1.5- M,» 5 


(V;=V,+V,=3.5+1.5=5) 
M, = 0.022 


F hp Be E 


The density of 5% aqueous MgCl, solution is 1.043 g mL. 
What is the molarity and molality of the solution? What is the 
molality of CI? ion? (Mg = 24 amu) 


USES Mw of MgCl, = 24 + 35.5 x 2 95 g 


m= by weight xlOxd _ 5x10x1.043 


= = 0.548. 
Mw, 95 


Weight of solvent (W,) = 100 — 5 2 95 g 


_ W,x1000  Á5x1000 = 0.554 
M Mw xW, 95x95 93234 


MgCl, —> Mg?* + 2CI9 
l m lm 2m 
0.554 m 


0.554 m 2 x 0.554 


- m of CI = 1.108 m 


The density of 0.06 M solution of KI in water is 1.006 gmL. 
Determine the molality of this solution. (K = 39, I= 127 amu) 


Sol) Mw of KI = 39+ 127= 166 2 
d= o( Af = 
1000 m 


166 1 
1.006 = 0.006 | —— + — 


1000 m 


Solve for m, 

m — 0.06024 

Alternate method: 

M= % by weight x 10 x d 
Mw, 


| % by weight x 10 x 1.006 
a 166 


0.06 


166 x 0.06 


————— = 0.99% 
10 x 1.006 


^. % by weight = 


1.50 Physical Chemistry 


Weight of solute = 0.99 g 
Weight of solution = 100 g 
Weight of solvent = 100 — 0.99 = 99.01 


_ W x 1000 _ 0.99 x 1000 


"Mu xw " qos "0050 


11.2 g of carbon reacts with 21.2 litres of oxygen at 18°C and 
750 mm of Hg. The cooled gases are passed through 2 litres of 
2.5 N NaOH. Determine the concentration of NaOH remaining 


in solution which is not converted to Na,CO,. Assume that CO 
does not react with NaOH: 


a. Whatis the mole fraction of CO in the gases? 
b. Whatisthe concentration of NaOH which is not converted 
to Na,CO, in the remaining solution? 
11.2 
SS Mole of C - 5 = 0.933 mol 
PV=nRT 
750 
— x212 =n~x 
760" n x 0.82 x 29] 


H 750 x 21.2 
760 x 0.082 x 291 


a.C + 0, — CO, 
x x x 


= 0.876 mol of O, 


b. C + 50: = 60 


= -x 


(0.933 — x) > ) (0.933 — x) 


0.933 — 
Total moles of O, = x + m - 0.876 
^. x 7 0.821 mol 
CO, = 0.821 mol 
CO = 0.933 — 0.821 = 0.112 mol 
0112 


d am LO E ee e eo 
a CO hey tico, 0.933 


b. CO, + 2NaOH —> Na,CO, + H,O 


1 mol 2 mol ! mol 

0.82] mol 2 * 0.82] mol 

Total moles of NaOH taken = 2 x 2,5 = 5 mol 
<. Moles of NaOH = 2 x 0.82] 

Moles of NaOH left 5 — 2 x 0.821 


— 3.558 mol 
Concentration of NaOH = - Moles " 3.358 
Volume 2 
= 1.679 mol L^! 


15 mL 1 MH,SO,, 25 mL of 4 M HNO,, and 20 mL of xw x | 


were mixed and made up to 1000 mL. 20 mL of solution form 
required 26 mL of Ba(OH), solution prepared by dissolvi, 
4.725 g of pure Ba(OH),'8H,O in water made up to 0.25 litre 
What is the molarity of HCI solution (i.e. find X). j 


ISo 15 mL of 1 MH,SO, + 25 mL of 4 M HNO, 
+ 20 mL of XM Hcy 
n N V, NV, NV, = NV, (V, = 1000 mi) 
15 x 2 +25 x 4+ 20X = N, x 1000 
7 EE 
^ \ 1000 
mEq of mixture of acid = mEq of Ba(OH), 
Mw of Ba(OH),-8H,O = 137.4 + 34 + 18x 83154 


ENTE | 
2 - 
W, x 1000 ! 
N of Ba(OH),°8 H,O = Ew, x V, Gn mL) 
_ 4.725 x 1000 
— 1572 x 250 


=0.1198 N z 0.12 N 
mEq of acid mix = mEq of Ba(OH), 
20 x N, = 26 x 0.12 


_ 26 x 0.12 


N 
3 20 


= 0.156 N 
130 + 20X 


=0.156 
1000 


_ 0.156 x 1000-130 _ 
20 E 


Nor Mof HCl= 1.3 


9S ¢ 1.3 


The acid solution has a specific gravity of 1.8, when it contains 
62% by weight of the acid. The solution is diluted to such an 
extent that its specific gravity is lowered to 1.2. What is the % 
by weight of the acid in the new solution. 


| Sol. ) Let 100 mL of the solution is taken 
Weight of solution = 100 x 1.8 = 180 g 
100 g of solution = 62 g of acid 


— 02 l 
180 g of solution = 100 x 180 = 111.6 g of acid 
Let x mL of H,O is added. 
/. New volume = (100 + x) mL 
New weight of solution = (180 + x) g 


(Since x mL of H,O = x g of H,O, dy,o 71) 
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180 - x 
‘ ; density = 
-. New density 1004 x 
i |. 180+x 
“100+ x 


Solving for x, we get 

^ x 7300 mL = 300 g 

Weight of solution = 180 + 300 = 480 g 
Wy 

% weight of the acid = x100 


7 
n sol 


11.6 
ago (100 7232554 


A solution of KCI has a density of 1.69 g mL-! and is 67% by 
weight. Find the density of the solution if it is diluted so that 
the percentage by weight of KCl in the diluted solution is 30%. 


(SGD Let the volume of the KCI solution be 100 mL. 
Weight of KC] solution = 100 x 1.69 = 169 g 
100 g of solution contains = 67 g of KCl 
69 g of solution = Sr 69 =113 23 
169go solution = 100 = 113.25 g. 
Let x mL of H,O be added. 
New volume of solution = (100 + x) mL 
New weight of solution = (169 + x) g 
(Since x mL of H,O =x g of H,O, dy, o =1) 
New percentage of the solution = 30% 
Weight of solute x 100 
0 è a ee 
AY WARE Weight of solution 
.. 443.23 P 
(169 + x) 
x = 208.43 mL = 208.43 g 


New weight of solution 


100 


New density = Mew volume of solution 
(169 + x) 
~ (100+ x) 
(169 + 208.43) 37743 
^ d=1,224 


A gaseous hydrocarbon X, was burnt in excess of oxygen. A 
0.112 dm? sample of X, at STP gave 0.88 g of CO,, How many 
C-atoms are there in one molecule of X? 


Ae. u^ Be 3.3 4,4 
y "EZ 
(Sol. ; 4. C.H (g) + (s + d O, (g) ^ xCO,(g) + H,O(1) 
m moles 
-0112 3 
“ma “10 =5 


= 5x Some 0, 5x — 
left 
s 88x 1000 _ 
44 
n X=4 


Ammonia is highly soluble gas in water and gives an alkaline 
solution of NH,OH. What volume of NH, gas at STP will be 
required to be passed in 100 mL of 0.5 M H,SO, to bring down 
its strength to 0.25 M? 
(For titrations with aqueous NH,, it is assumed that NH,OH 
dissociates to 100% extent) 
L224L  2ZL168L . 3.1A2L 4.0.56 L 
(SGD 3. Initially mEq of H,SO, = 100 x 0.5 x 2 = 100 
mEq of H,SO, required = (0.25 x 2) x 100 = 50 
mEq of H,SO, used = 100 — 50 
= mEq of NH,OH 
= mmol of NH,OH 
(n factor = 1) 
mmol of NH, = mmol of NH,OH = 50 
Vu, at STP = 50 x 102 x 2242-2 1.12L 


The equivalent weight of Na,HPO, can be 


1. M/2 as base 2. M/1 as acid 
3. Both (a) and (b) 4. Neither (a) nor (b) 
1,3. Na,HPO, —> 2Na® + HPO- 


2. 6 , D 7 
HPO, 9H + PO, (nfactor- 1) 


nature i M) 
si u mg 


H4PO, (. Ew = x) (n factor = 2) 


Arrange the following in order of increasing masses. 
i. | molecule of oxygen 
iii, 1 mol of water 
l.iisiciii«iv 
3.ii «ic iv & iii 


ii. 1 atom of nitrogen 
iv. 1 x 107? g of iron 
2.1<ii<iv< iii 
4. iui ziv 


) 


32 
| Sol. ) 3.i. I molecule of O, = ——say 


6 x 10 


li. | atom of N= ——353 
6x10" 
iii, | mol of H,O = I8 g 
lv. Weight of Fe = 10 W p 
So, the order is (3). 
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10. ET: KNO, is ret in 1500 o mL ofi; 0. arn Ban, 
that should be added to this solution to get a mok 


with respect to NO,° ion is 


a(NO,), = 261 8 mol!) 


B 
(Mw of KNO, = 101 g mol” ! Mw of : 
L=13g Bldg 38658 4, 65 B 
WI gj 
"Sol 3. Moles of KNO, = moles of NO, = Jo, 
V dH.O = lg x mL t 


Weight of H,O = 500 mL x 1 = 500 g = 0.5 kg 


5 ing 
Moles of NO, _ _NOs 
a a Var 
xo." Weight of solvent (H,0) in kg 0.5kg 
NS 
Sois, so n Q -203x052015 
^J Q.5kg NO, 
(required) 
Moles of NO," obtained from KNO, - 0.1 
Moles of NO,“ required from Ba(NO,), 
= 0.15 — 0.1 = 0.05 
[2 mol of NO,“ is obtained from 1 mol of Ba(NO;),] 
0.05 


-. Moles of Ba(NO,), = EN 


“x 261= 65g 


Weight of Ba(NO,), = 


One litre of N/2 HCI solution was heated in a beaker. When the 
volume was reduced to 600 mL, 9.125 g of HCI was lost out, 
the new normality of solution is 


I. 20.04 2. «0.8 3. «0.4 4. «0.2 


5D 3. 


HCI —*4 HCI 


OSNZIL 600 mL 
- 0.5 Eq 
=0,57 36.52 
-]5.25g 
Mass of HCI left after heating = 18.25 — 9.125 
=9,125 g 
9,125 7 1000 — 
-= SES DALTON 


Now Of uere 26.5 7 600 


Three metals of alkaline earth metal group (A, B, and C) when 
reacted with a fixed volume of liquid Br, separately gave a 
product (metal bromides) whose mass is plotted against the 
mass of metals taken as shown in the figure. 


<— C Br; 


Mass of products 
formed 


Mass of metal taken 


ct what relation can be concluded between 


lot, predi 
From the plot, P A, B, and C? 


the atomic weights 0 
1.C>B 
3 BA 
3.C<A<B 
4, Data is insu 
Soi.) (1, 2) 


| Since mass of Br, 
will be produced in each case. 


Mass 
Since, moles = E 
ill produce maximum mass of product. 


fficient to predict 


taken is constant, same moles of MBr, 


The heaviest metal w 
Hence, the correct order of atomic mass of A, B, Cis 


A«B«C. 


Thesollósiing Shenicebi reactions used to be utilized to rapidly 
produce large amounts of N, gas inside an automobile air bag: 


2NaN, —> 2Na + 3N, (2g) 

10Na + 2KNO, —> K,O + 5Na,O + N, (g) 

K,O + Na,O + SiO, —> Alkaline silicate (‘glass`) 
How many grams of KNO, are needed to produce enough N, 
to fill a 12.3 L air bag at 27°C and 4 atm. 


1. 202 g 2.81.25 g 
3. 404 g 4.2525g 
IHD 4. P = nRT 
PVF 4x123 
pr =2 mol 


Fi Ln 
N? RT 0.082 x 300 
2 mol Na produces = 3 mol N. 


1 
3 


I. 10 mol Na produces = >x 10 = 15 mol N, 


^?) 


2. 10 mol Na «2 mol KNO, = = | mol N, 
(15 mol N,) 
Total mol of N, produced = 15 + | 


= 16 mol N, 
; 16 mol N, = 2 mol KNO, (Mw KNO, = 101 8) 
=2x 101 g KNO, 
2 mol N, = T oss: 


^. Weight of KNO, = 25.25 g 


a QQSQiidtddLÉL LsL|;íitLL ccr c ———————a 


ENSEM 
ie 
J 


sie corect annere T 


1. 10 g of CaCO, contains 


10. 


(1) 10 moles of CaCO, 


(2) 0.1 g atom of Ca 
(3) 6 x 10? atoms of Ca 


(4) 0.1 of equivalent of Ca 


. A candle is burnt in a beaker until it extinguishes itself. 


A sample of gaseous mixture in the beaker contains 


6.08 x 10?? molecules of N,, 0.76 x 10?? molecules of O,, 


and 0.50 x 10% molecules of CO,. The total pressure is 734 
mm of Hg. The partial pressure of O, would be 


(1) 760.0 mm of Hg (2) 76.0 mm of Hg 
(3) 7.6 mm of Hg (4) 0.76 mm of Hg 


. Two glucose solutions are mixed. One has a volume of 480 


mL and a concentration of 1.50 M and the second has a 
volume of 520 mL and concentration 1.20 M. The molarity 
of final solution is 


(1)1.20M (2)1.50M_ (3)1344M (4)2.70M 


. 1.0 g ofa monobasic acid when completely acted upon Mg 


gave 1.301 g of anhydrous Mg salt. Equivalent weight of 
acid is 


(1) 35.54 (23654  (3)17.77 (4) 18.27 


. 0.1 g of metal combines with 46.6 mL of oxygen at STP. 


The equivalent weight of metal is 


(1)12 (2) 24 (3)6 (4) 36 


. The vapour density of a chloride of an element is 39.5. The 


Ew ofthe elements is 3.82. The atomic weight of the element 
is 


(1) 15.28 (2) 7.64 (3) 3.82 (4) 11.46 


. The Mw ofa oxide of an element is 44. The Ew of the element 


is 14. The atomic weight of the element is 


(1) 14 (2) 28 (3) 42 (4) 56 


- When 2 g of gas A is introduced into an evacuated flask 


kept at 25°C, the pressure was found to be 1 atmosphere. 
If 3 g of another gas B is then added to the same flask, the 
pressure becomes 1.5 atm. Assuming ideal behaviour, the 
ratio of molecular weights (M A: Mg) is 


(1) 1:3 (2) 3:1 (3) 2:3 (4) 3:2 


- How many moles of ferric alum (NH 4950,Fe;(SO,),24H)0 


can be made from the sample of Fe containing 0.0056 g of 
it? 


(1) 107^ mol (2) 0.5 x 107^ mol 
(3) 0.33 » 107^ mol (4) 2 x 107^ mol 
Suppose elements X and Y combine to form two compounds 


XY, and X,Y, when 0.1 mole of former weigh 10 g while 
0.05 mole of the latter weigh 9 g. What are the atomic 


Weights of X and Y. 


(1)40,30 | (2)60,40 (3)20,30  (4)30,20 


Exercises 


I 
S T Rxemisds IT 


11. 


13. 


14. 


15. 


16. 


17. 


18. 


20. 
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In an experiment, 6.67 g of AICI, was produced and 0.54 g 
Al remained unreacted. How many g atoms of Al and Cl, 
were taken originally (Al = 27, Cl = 35.5)? 

(1) 0.07, 0.15 (2) 0.07, 0.05 

(3) 0.02, 0.05 (4) 0.02, 0.15 


. | g of the carbonate of a metal was dissolved in 25 mL of 


N-HCI. The resulting liquid required 5 mL of N-NaOH for 
neutralisation. The Ew of the metal carbonate is 


(1) 50 (2) 30 (3) 20 (4) None 
5 mL of N-HCI, 20 mL of N/2 H,SO, and 30 mL of N/3 
HNO, are mixed together and the volume is made to 
| L. The normality of the resulting solution is 
(1) N/5 (2) N/10 (3) N/20 (4) N/40 
The Ew of H,PO, in the reaction is 

Ca(OH), + H;PO, —— CaHPO, + 2H,O 
(Ca = 40, P=31, O= 16) 
(1) 49 (2) 98 (3) 32.66 (4) 147 
A gaseous mixture contains O, and N, in the ratio of 1:4 by 
weight. The ratio of their number of molecules is 
(1) 1:4 (2) 1:8 (3) 7:32 (4) 3:16 
If0.5 mole of BaCl, is mixed with 0.20 mole of Na,PO,. the 
maximum number of moles of Ba,(PO,), then can be formed 
is l i 
(1) 0.1 (2) 0.2 (3) 0.5 (4) 0.7 
Upon mixing 50.0 mL of 0.1 M lead nitrate solution with 
50 mL of 0.05 M chromic sulphate solution, precipitation 
of lead sulphate solution takes place. How many moles of 
lead sulphate are formed and what is the molar concentration 
of chromic sulphate left in the solution? 
(1) 0.005, 0.0084 (2) 0.0084, 0.005 
(3) 0.005, 0.00084 (4) 0.05, 0.00084 
The melting point of a substance was quoted as 52.5°C, 
52.57°C, 52.571°C, and 52.5713°C. Which of these values 
would be most acceptable and which will have maximum 
uncertainty? 
(1) 52.5°C 
(3) 52.57 1°C 


(2) 52.57°C 


(4) S2.5713°C 


» What weight of a metal of equivalent weight 12 will give 


0.475 g of its chloride? 

(1)0.12g (2)0.24¢2 (4) 0.48 g 

4.2 g of a metallic carbonate MCO, was heated in a hard 
glass tube and CO, evolved was tound to have 1120 mL of 
volume at STP, The Ew of the metal is 


(1) 12 (2) 24 (3) 18 


(3) 0.36 2 


(4) 15 
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21. If 0.5 g of a mixture of two metals A and B with respective 


22. 


23. 


24. 


26. 


Lie 


28. 


29. 


30. 


31. 


32. 


. When 10 mL of ethyl alcohol (density 


equivalent weights 12 and 9 displace 560 mL of H, at STP 
from an acid, the composition of the mixture is 

(1) 40% A, 60% B (2) 60% A, 40% B 

(3) 30% A, 70% B (4) 70%A, 30% B 

What is the valency of an element of which the equivalent 
weight is 12 and the specific heat is 0.25? 

(1) 1 (2)2 (3)3 (4)4 

The mineral rutile is an oxide of titanium containing 39.95% 
oxygen and is isomorphous with cassiterite (SnO,). The 
atomic weight of titanium is 

(1) 68.10 2)58.10 — (3)48.10 (4) 38.10 

13.4 g of a sample of unstable hydrated salt NaSO,X H,O 


was found to contain 6.3 g of H,O. The number of molecules 
of water of crystallisation is 


(1) 5 (2) 7 (3) 2 (4) 10 


. One litre of 0.15 M HCl and one litre of 0.3 M HCl is given. 


What is the maximum volume of 0.2 M HCl which one can 
make from these two solutions? No water is added. 
(1)1.2L (2) 1.5L (3) 1.3L (4) 1.4 L 

The normality of a solution that results from mixing 4 g of 
NaOH, 500 mL of 1 M HCI, and 10.0 mL of H,O, (specific 
gravity 1.1, 49% H,SO, by weight) is 

(The total volume of solution was made to 1 L with water) 
(1) 0.51 (2) 0.71 (3) 1.02 (4) 0.45 

A certain compound has the molecular formula X,O,. If 10 
g of X,O, has 5.72 g X, the atomic mass of X is 
(1)32amu (2)37amu (3)42amu  (4)98 amu 

5.6 g of a metal forms 12.7 g of metal chloride. Hence 
equivalent weight of the metal is 

(1) 127 (2) 254 (3) 56 (4) 28 

The molarity of H,SO, is 18 M. Its density is 1.8 g mL". 
Hence, molality is: 

(1) 36 (2) 200 (3) 500 (4) 18 

10 L of hard water required 0.56 g of lime (CaO) for 
removing hardness. Hence, temporary hardness in ppm (part 
per million 105) of CaCO, is: 

(1) 100 (2) 200 (3) 10 (4) 20 

How many grams of phosphoric acid would be needed to 
neutralise 100 g of magnesium hydroxide? (The molecular 
weights are: H.PO, = 95 and Mg(OH), = 58.3) 

(1)667g | (2)252g (3) 112g (4) 168 g 

The simplest formula of a compound containing 50% of 
an element X (atomic weight 10) and 50% of element 
Y (atomic weight 20) is: 


(1) XY (2) X, Y (3) XY, (4) X,Y, 
0.7893 g mL !) 


is mixed with 20 mL of water (density 0.9971 g mL!) at 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


percentage change in total volume on mixing is è 


(1) 3.1% (2) 2.4% 

(3) 1% (4) None of these 

The molality of 1 L solution with x% H,SO, is, t 
to 9. The weight of the solvent present in the solution i, Ilg 
g. The value of x is: 

(1) 90 (2) 80.3 (3) 40.13 (4) 9 
The density of 1 M solution of NaCl is 1.0585 g mL-!. The 
molality of the solution is 

(1) 1.0585 (2) 1.00 (3) 0.10 (4) 0.0585 
100 mL of mixture of NaOH and Na,SO, is neutralised by 
10 mL of 0.5 M H,SO,. Hence, NaOH in 100 mL Solution 
is 

(1)0.2g (2) 0.4 g (3) 0.6 g (4) None 

An organic compound contains 476 sulphur. Its minimum 
molecular weight is 

(1) 200 (2) 400 (3) 800 (4) 1600 

A gaseous mixture contains oxygen and nitrogen in the 
ratio 1:4 by weight. Therefore, the ratio of the number of 
molecules is: 

(1) 1:4 (2) 1:8 (3) 7:32 (4) 3:16 

0.116 g of C,H,O, (A) is neutralised by 0.074 g of Ca(OH), 
Hence, protonic hydrogen (H9) in (A) will be 

(1)1 (2) 2 (3) 3 (4)4 

A hydrate of Na,SO, has 50% water by mass. It is 

(1) NaS0,:5H)O0 (2) Na,SO,-6H,O 

(3) Na,SO,-7H,O (4) Na,SO,-2H,O 

10 g mixture of NaHCO, and Na,CO, has 1.68 g NaHCO.. 
It is heated at 400 K. Weight of the residue will be 
(1)9.38g (2)832g  (3)10.0g (4) 1.68 g 
Mole fraction of ethanol in ethanol water mixture is 0.25. 


Hence, the percentage concentration of ethanol by weight 
of mixture is 


(1) 25% (2) 75% 
N, + 3H, —9 2NH, 

Molecular weight of NH, and N, are x, and x», respectively. 
Their equivalent weights are y, and y», respectively. Then 


0, — y) is 


(3) 46% (4) 54% 


T 


(2) (x, m Xj) 
(3) (3x, = x) (4) (*, - 333) 
How many moles of electrons weigh one kilogram? 
3 l 31 
1) 6.023 x 1074 2 x 10° 

us ©) 9108 

6.023 54 l 8 
3 - ——————— x10 
©) 10g 9 (D 9:108 x 6.023 


The weight of | x 10?? molecules of CuSO, 5H,O is 
(D4l4g (2)5.14g (3)6.14g (474g 


p" UU 


46. 


47. 


48. 


49. 


50. 


S1. 
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How many moles of O, will be liberated by one mole of 
CrO, is the following reaction: 


CrO; + H,SO, —> Cr,(SO,), + HO + O, 
(1) 4.5 (2) 2.5 (3) 1.25 (4) None 
BrO,° + 5Br? —» Br, + 3H,O 
If 50 mL 0.1 M BrO,° is mixed with 30 mL of 0.5 M Br? 


solution that contains excess of H ions, the moles of Br, 
formed are 


(1) 6.0 x 104 (2) 1.2 x 104 

(3) 9.0 x 102 (4) 1.8 x 1023 

To I Lof 1.0 M impure H,SO, sample, 1.0 M NaOH solution 
was added and a plot was obtained as follows: 


ZA 1.5 
[sz] 
=! 1.0 
o 
E 

0.5 


0.5 10 1.5 
Volume of NaOH L 


The % purity of H,SO, and the slope of curve, respectively, 
are: 
(1) 7596, —1/2 (2) 7595, —1 
(3) 50%, —1/3 (4) 5095, —1/4 
The expression relating mole fraction of solute (x5) and 
molarity (M) of the solution is: (where d is the density of 
the solution in g L~! and Mw, and Mw, are the molar masses 
of solvent and solute, respectively 

M x Mw, 
M (Mw, — Mw.) + 1000d 


M x Mw, 
M (Mw, — Mw) * d 


(Dx, 


(2) x, = 
M x Mw, 
M (Mw, — Mw,) —1000d 


M x Mw, 
M(Mw, — Mw,) - d 


(3)x,— 


(4)x,- 


Consider the ionisation of H,SO, as follow: 

H5SO, + 2H,0 —> 2H,0® + S0,” 
The total number of ions furnished by 100 mL of 0.1 M 
H,SO, will be 
(1) 1.2 x 1023 (2) 0.12 x 102? 
(4) 1.8 x 1023 
Calculate the number of oxygen atoms required to combine 
With 7.0 g of N, to form N,O, if 80% of N, is converted 
Into products. 


(3)0.18 x 1073 


52. 


53. 


54. 


55. 


56. 


57. 


58. 


59. 


60. 


N, +50, — N,0O, 


(1) 3.24 x 103 (2) 3.6 x 1073 

(3) 18 x 102? (4) 6.02 x 1073 

36.5% HCI has density equal to 1.20 g mL~!. The molarity 
(M) and molality (m), respectively, are 

(1) 15.7, 15.7 (2) 12, 12 

(3) 15.7, 12 (4) 12, 15.7 

10 mL of 1 M BaCl, solution and 5 mL 0.5 M K,SO, are 
mixed together to precipitate out BaSO,. The amount of 
BaSO, precipitated will be 

(1) 0.005 mol (2) 0.00025 mol 

(3) 0.025 mol (4) 0.0025 mol 

Mole fraction of a solute in an aqueous solution is 0.2. The 
molality of the solution will be 

(1) 13.88 (2) 1.388 

(3) 0.138 (4) 0.0138 

An excess of NaOH was added to 100 mL of a FeCl, solution 
which gives 2.14 of Fe(OH),. Calculate the normality of 
FeCl, solution. 

(1) 0.2 N (2) 0.3 N 

(3) 0.6 N (4) 1.8 N 

Two samples of HCl of 1.0 M and 0.25 M are mixed. 
Find volumes of these samples taken in order to prepare 
0.75 M HCI! solution. Assume no water is added 


(I) 20 mL, 10 mL (II) 100 mL, 50 mL 

(III) 40 mL, 20 mL (IV) 50 mL, 25 mL 
(DLILIV (2)LII (3) I, II; IV (4) L II, III, IV 
If 100 mL of H,SO, and 100 mL of H,O are mixed, 
the mass percent of H,SO, in the resulting solution is 
(dy5so4 = 0.09 g mL^!, dipo = 1.0 g mL“) 

(1) 90 (2) 47.36 (3) 50 (4) 60 

12.5 mL of a solution containing 6.0 g of a dibasic acid in 


1 L was found to be neutralized by 10 mL of a decinormal 
solution of NaOH. The molecular weight of the acid is 

(1) 150 (2) 120 (3) 110 (4) 75 
One litre of a sample of hard water contains 5. 
CaCl, and 4.75 mg of MgCl,. The total harness it 
ppm of CaCO, is 

(1) 5 ppm (2) 10 ppm 

(3) 20 ppm (4) None of these 

10 mL of 0.2 N HCl and 30 mL of 0.1 N HCl together exactly 
neutralise 40 mL of solution of NaOH, which is also exactly 
neutralised by a solution in water of 0.61 g of an organic 
acid. What is the equivalent weight of the organic acid? 


(1) 61 (2) 91.5 (3) 122 (4) 183 


~ nh 
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nuttin Correct answers Type ULL 


Laws of Chemical Combination 


1. Which of the statements are correct? 


t2 


(1) Physical quantity represented by work in joule is 
kg n s, 

(2) Physical quantity represented by force in newton is 
kg m s. 

(3) Physical quantity represented by work in joule is 
kg m s, 

(4) Physical quantity represented by force in newton is 
kg m? $2. 


. Which of the statements are false? 


(1) Physical quantity represented by volume is dm?. 

(2) The length of pencil is 5 cms. 

(3) The work done by a system is 5 Joules. 

(4) Air sometimes is considered as a heterogeneous mixture 
due to the presence of dust particles which form a 
separate phase. 


- Which of the statements are true? 


(1) Law of constant composition is true for all types of 
compounds. 


(2) Molar volume of a gas at standard conditions is 22.4 L.. 
(3) Vapour density of a gas is twice of its molecular mass. 


(4) Atomic masses of most elements are fractional. 


- Which of the statements are true? 


(1) The equivalent weight of Ca,(PO,), is Mw/6. 

(2) The equivalent weight of Na,PO,°12H,O is Mw/3. 

(3) The equivalent weight of K,SO, is Mw/2. 

(4) The equivalent weight of potash alum 
K,SO,AL(SO,),-24H,O is Mw/8. 

where Mw is the molecular weight of the respective 

compounds. 


. Which of the statements are true? 


(1) Brass 1s an element. 
(2) Dry ice is a mixture. 
(3) Aerated drink, e.g., coca cola, is a mixture. 


(4) Diesel is a mixture. 


- Two bulbs A and B contain 16g O, and 16g O;, respectively. 


Which of the statements are true? 

(1) Both bulbs contain same number of atoms. 

(2) Both bulbs contain different number of atoms. 
(3) Both bulbs contain same number of molecules, 


(4) Bulb A contains N /2 molecules while bulb B contains 
N ,/3 molecules, (N4 = Avogadro's number). 


- A bulb contains 1.6 g of O,. It contains, 


(1) 0.05 mol of O, 

(2) 3.011 x 10?? molecules of O, 
(3) 1.12L of O, at STP 

(4) 1.22 L of O, at SATP 


8. 


Which of the following have same significant figures) 
(1) 0.070 (2) 0.70 (3) 7.0 (4) 70 


9, Which of the following have same significant figures» 


` 10. 


11. 


12. 


13. 


15. 


(1) 6.02 x 1073 (2) 7.70 x 10-70 

(3) 7.50 (4)075 — 

Which of the following relations are correct? 

(I leV=9.11 x 1045S — Q)IL- Idm 

(3) 1 J= 1.98 cal (4) 1 atm = 1.01325 bar 

Which of the following statements are correct? 

(1) French chemist A. Lavoisier is called the father of 
chemistry and proposed the law of conservation of mass, 

(2) French chemist Joseph Proust proposed the lay of 
definite proportions. 

(3) Dalton proposed the law of multiple proportions. 

(4) Richter proposed the law of reciprocal proportions, 

Which of the statements are true about the law of chemical 

combination? 

(1) Potassium combines with two isotopes of chlorine 
(?5C1 and ?"CI) to form two samples of KCl. Their 
formation follows the law of definite composition. 

(2) Different proportions of oxygen in the various oxides 
of sulphur prove the law of multiple proportions. 

(3) H,O and.H,S contain 11.11% hydrogen and 5.88% 
hydrogen, respectively, whereas SO, contains 50% 
sulphur. The above data prove the law of reciprocal 
proportions. 


A 

(4) In the decomposition of NH,, (2NH, -~> N, + 3H,), 
the ratio of volumes of NH,, N,, and H, is 2:1:3. The 
above data proves the Gay Lussac law. 

Which of the following statements are wrong? 

(1) 1.6 g of a hydrocarbon on combustion in excess of 
oxygen produces 1.2 of CO, and 0.4 of H,O. The data 
illustrates the law of conservation of mass. 

(2) The product of atomic mass and specific heat of any 
elements is a constant and is approximately 6.4. This is 
known as Dulong Petit's law. 

(3) The atomic masses ofthe elements are usually fractional 
because they are mixtures of allotropes. 


(4) The best standard of atomic mass is hydrogen-1.008. 


- Which of the following pair of compounds illustrate the law 


of multiple proportions? 

(1) SO, and SO, 

(2) NO, und N,O 

(3) MgO and Mg(OH), 

(4) NO and NO, 

Which of the following statements are correct? 


(1) A sample of CaCO, contains Ca = 40%, C = 12%, 
and O = 48%, If the law of constant composition is true, 


then the mass of Ca in 10 g of CaCO, from another 
source is 4.0 g. 
(2) 12 g of carbon is heated in vacuum and there is no 


change in the mass, is the best example of the law of 
conservation of mass. 


(3) Air is heated at constant pressure and there is no change 


in mass but the volume increases, is the best example 
of the law of conservation of mass. 


(4) SO, gas was prepared by (i) heating Cu with conc 
H,SO,, (i) burning sulphur in oxygen, (iii) reacting 
sodium sulphite (Na,SO,) with dilute H,SO,. It was 
observed that in each case, S and O combine in the 


ratio of 1:1. This data illustrates the law of constant 
composition. 


Limiting Reagent 


16. 


18. 


19, 


Which of the following statements is/are correct? 


A mixture containing 64.0 g H, and 64.0 g O, is ignited so 
that water is formed as follows: 


2H, + Q, — 2H,0 

(1) H, is the limiting reagent 

(2) O, is the limiting reagent. 

(3) The reaction mixture contains 72.0 g of H,O and 56.0 g 
of unreacted H,. 


(4) The reaction mixture contains 56.0 g of H,O and 
72.0 g of unreacted H,. 


. Which of the following statements is/are wrong? 


The following reactions occur: 

L P, + 50, —> PO. 

ii. P, +30, —> PO. 

1.24 g of P, reacts with 8.0 g of O,. 
(1) P, is the limiting quantity. 

(2) O, is the limiting quantity. 

(3) Mass of P,O,, obtained is 2.2 g. 
(4) Mass of P,O, obtained is 2.84 g. 
Which of the following is/are correct. 
The following reaction occurs: 
CS,4-3CL, —— CCl, SO 

1.0 g of CS, and 2.0 g of Cl, reacts. 
(1) 0.714 g CS, is used in the reaction. 
(2) 0.286 g CS, is in excess. 

(3) 1.45 g of CCI, is formed. 

(4) 0.8 g CL, is in excess. 

Which of the following statements is/are correct? 
The following reaction occurs: 


2Al+3MnO —— ALO, + 3Mn. 

108.0 g of Al and 213.0 g of MnO was heated to initiate the 
reaction. (Mw of MnO = 71, atomic weight of Al = 13) 

(1) Alis present in excess. 

(2) MnO is present is excess. 


20. 


21. 


22. 


24. 
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(3) 54.0 g of Al is required, ' 
(4) 159.0 g of MnO is in excess. 
Which of the following statements is/are correct? 
i. 21.0 of lithium reacts with 32.0 g of O,. 

4Li + O, —> 2Li1,0 
il. 3.9 g of K reacts with 4.26 g of CL. 

2K + Cl, —> 2KCI 
[Atomic weight of Li=7 and K = 39. Mw of Li,O = 30 and 
KCI = 74.5 g mol!) 
(1) In reaction (i), O, is in excess. 
(2) 45.0 g of Li,O is formed is reaction (i). 
(3) In reaction (ii), CL is in excess. 
(4) 7.45 g of KCI is formed is reaction (ii). 
Which of the following is/are correct? 


The following reaction occurs: 

Na,CO, + 2HCl —» 2NaCl + CO, + H,O 
106.0 g of Na,CO, reacts with 109.5 g of HCI. 
(1) The HCl is in excess. 

(2) 117.0 g of NaCl is formed. 


(3) The volume of CO, produced at 1 bar and 273 K is 22.7 
L. 


(4) The volume of CO, produced at 1 bar and 298 K is 24.7 
L. 

Equal weights of X (atomic weight = 36) and Y (atomic 

weight — 24) are reacted to form the compound XY}. which 

of the following is/are correct? 


(1) X is the limiting reagent. 

(2) Y is the limiting reagent. 

(3) No reactant is left over. 

(4) Mass of X,Y, formed is double the mass of X taken. 


Mole Concept in Solution 


23. Which of the following solutions contains approximately 
equal hydrogen ion concentration? 
(1) 100 mL of 0.1 M HCl + 50 mL H,O 
(2) 75 mL of 0.1 M HCI * 75 mL H,O 
(3) 50 mL of 0.1 M H,SO, + 100 mL H,O 
(4) 100 mL of 0.1 N H SO, + 50 mL H,O 


Which of the following solutions contains same molar 
concentration? 


(1) 166 g. KI/L solution. 
(2) 33.0 g (NH,),SO, in 200 mL solution 
(3) 25.0 g CuSO,°5H,O in 100 mL solution 
(4) 27.0 mg AL’ per mL solution. 
. Which of the following has equal mass of Cl- 


ions in 
1.0 L of each of the following solutions? 


(1) 5% NaCl (density = 1.07 g mL !) 
(2) 5% KCI (d = 1.06 g mL!) 

(3) 58.5 p NaCl 

(4) 55.5 g BaCl, 


1.58 


26. 


hm 
~J 


29. 


30. 


* Which of the followin 


Physical Chemistry 


Which of the following statements is/are correct? 
Excess of H,S 


(8) is bubbled into 1.0 L of 0.1 M CuCl, 

Solution. 
Cu? + H,S(g) —, CuS(s) + 2H® 
C1) 9.55 of CuS is produced 
(2) The conce 


ntration of H9 ions is 0.2M 
(3) The concentration of H® ions is 0.1 M. 


(4) 95.5 g CuS is produced 


§ statements is/are correct? 


20.0 mL of 6.0 M HCI is mixed with 50.0 mL of 2.0 M 
Ba(OH),, and 30 mL of water is added. 


(1) The concentration of O 
0.8 M. 
(2) The concentration of C]© 
1.2 M. 
(3) The concentration of Ba2+ 
10M ] 
(4) 80 mmoles of OH is in excess. 
Which of the following is/are correct? 
100 mL of 30 M HClO, reacts 
according to the €quation: 
Ba (OH), + 2HCIO, — Ba(ClO 
(Mw of Ba(CIO,), = 304 g mol!) 
(1) 1.5 mol of Ba(CIO,), is formed. 
(2) 3 mol of Ba( CIO,), is formed. 
(3) 45.6 g of Ba(CIO,), is obtained. 
(4) 4.56 g of Ba(CIO,), is obtained. 
An excellent solution for cleanin 
or leather consists of the follo 
(80% by volume), ligroin (1694 
How many mL of each should 
of solution? 
(1) 64 mL CCI, 
(2) 12.4 mL ligroin 


H remaining in solution is 
remaining in solution is 


remaining in solution is 


With excess of Ba(OH), 


3» id 2H,0 


£ grease stains from cloth 
wing components: CCI, 
), and amyl alcohol (4%). 
to taken to make up 80 mL 


(2; 32 mL of amyl alcohol 
(4) 3.2 mL of amyl alcoho) 
Which of the following statements is/are correct? 
(1) Mass of AVSO,),-M4H.O needed to 
of an aqueous solution of concentratii 
per mL is 33.3 p, 
(Mw of A (SO 
of Al = 27 g), 
(2) Mass of CrCl,-6H,O (Mw = 266. 
Prepare 1.0 L solution containing 26, 
133.25 g. (Atomic weight of Cr = 


make up 100 mL 
nn 27.0 mg of AJ?! 


ay TEHO = 666 y mol !, atomic Weight 


5 E) needed to 
0 g Cr?! per litre ig 
52 g) 


31. 


32. 


33. 


34. 


35, 


36. 


Q) Mass of NH,Cl needed to prepare 100 mL of ds 


i Outi, 
containing 80 mg NH,CI per mL is ee 
H, per mL of solution needed for solut 
io ee A NH, by weight (d 
=0.8 g mL!) is 0.16 gmL™. 
100 mL of 0.06 M Ca(NOj); is added to 50 mL of 0 
Na,C,O,. After the reaction is complete. 


ion 
Ensity 


06M 


(1) 0.003 moles of calcium oxalate lini get precipitated, 

(2) 0.003 M of excess Ca?* will remain in excess. 

(3) Na,C,O, is the limiting reagent. 

(4) Ca(NO,), is the excess reagent. | 

If 100 mLof 1 M H,SO, solution is mixed with 100 mL of 

98% (W/W) of H,SO, solution (d= 0.1 g mL-!), then 

(1) Concentration of solution becomes half. 

(2) Volume of solution becomes 200 mL. 

(3) Mass of H,SO, in the solution is 98 g. 

(4) Mass of H,SO, in the solution is 19.6 g. 

KCIO, can be prepared by following reactions: 

i Cl, -2KOH —5 KC] + KCIO + H,O 

ii. 3KCIO —5 2KC] + KCIO, 

iii. 4KCIO, —-+ 3KCIO, + KCI 

(Atomic weight of K, Cl, and O 

(1) The amount of Cbr 
by above series ofr 

(2) The volume ofKO 
M, is 1.067 L. 

(3) The amount of Cl 
by above series o 

(4) The volume ofK 
M, is 10.67 L. 


When 100 mL of 0.1 M KNO, and 400 mL of 0.2 M HCI 


and 500 mL of 0,3 M H,SO, are mixed, then in the resulting 
solution 


(1) The mol 
(2) The mol 


are 39, 35.5, and 16) 


€quired to prepare 277 g of KCIO, 
eaction is 568 g. 


H in litres used by Cb,ifKOHisl3 


2 Tequired to prepare 200 g of KCIO, 
f reaction is 284 g. 


OH in litres used by CL, if KOH is L5 


arity of K® = 9.91 M 
arity of SO,>=0.15M 
(3) The molarity of H® = 0.38 M 
(4) The molarity of NO,^ 
100 g sample of cla 
Inert impuritie 
10% H,O, 
Which of the followit 


(1) The percentage 


= 0.08 and CIS = 0.01 M 
y (containing 1994 H,O, 40% silica, and 
S as rest) is Partially dried SO as to contain 


8 is/are correct Statements(s)? 
Of silica in it is 44.4 94. 

(2) The muss of partially dried clay is 90.0 g. 

of inert impurity in it is 45.696. 
ter evaporated is 10.0 g. 


Owing pairs, 10 8 of each have an equal 
es? 


(3) The percentage 
(4) The mass of wa 
In which of the foll 
number of molecul 
(1) NO and CO 


(2) N, and C;0, 
(3) N, and CO 


(4) NO and CO, 
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Linked Comprehension Type ll 


paragraph 1 


A sample of urine containing 0.3 g of urea was treated with an 
excess of 0.2 M nitrous acid, according to the equation. 


NH,CONH, + 2HNO, —> CO, + 2N, +2H,0 


The gases produced are passed through aqueous KOH solution 
and the final volume is measured. 


(Given. MWe, = 60 g mol'!, molar volume of gas at standard 
condition, i.e., at room temperature 25°C and 1 atm pressure. RTP 
(room temperature pressure) also is 24.4 L or 24400 mL mol!) 


1. What is the volume at RTP? 
(1) 122mL (2) 244 mL (3) 366 mL (4) 488 mL 
2. What is the volume of HNO, consumed by urea? 
(1)12.5mL (2) 25 mL (3) 50 mL (4) 75 mL 
Paragraph 2 
Consider the following series of reactions: 
Cl, + ZNaOH —-+ NaCl + NaClO + H,O 
3NaClO —— 2NaCl + NaClO, 
4NaClO; —> 3NaCIO, + NaCl 


3. How much Cl, is needed to prepare 122.5 g NaClO, by 
above sequence? 


(1) 284.0 g (2) 213.0 g 
(3) 142.0 g (4) 71.0 g 


4. How much Cl, is needed to prepare 106.5 g of NaClO, by 
the above sequence? 


(1) 284.0 g (2) 213.0 g 
(3) 142.0 g (4) 71.0 g 
Paragraph 3 


The percentage labelling of oleum (mixture of H,SO, and SO,) 
refers to the total mass of pure H,SO,. The total amount of H,SO, 
found after adding calculated amount of water to 100 g oleum is the 
percentage labelling of oleum. The higher the percentage labelling 
of oleum higher is the amount of free SO, in the oleum sample. 

5. What is the amount of free SO, in an oleum sample labelled 
as ‘118%’. 

(1) 40% (2) 5094 (3) 70% (4) 8096 

6. The percent free SO, is an oleum is 20%. Label the sample 
of oleum in terms of percent H5SO,. 

(1) 113.5%  (2)104.5% (3) 106.75% (4) 120% 

7. 100 g sample of ‘147 %’ oleum was taken and calculated 
amount of H,O was added to make H,SO,, 500 mL solution 
of x M KOH solution is required to neutralise the solution. 
The value of x is. 


(1)1M (2)2M (4)6M 


(3)4M 


Paragraph 4 
Cisplatin is used as an anticancer agent for the treatment of solid 
tumors, and it is prepared as follows: 
K,[PtCl,] + 2NH, —> [Pt(NH,),Cl,] + 2KCI 
Potassium tetra Cisplatin 
chloro platinate (IT) 
Given 83.0 g of K,[PtCl,] is reacted with 83.0 g of NH,. 
[Atomic weights: K = 39, Pt = 415, Cl = 35.5, N = 14] 


8. Which reactant is the limiting reagent and which is in excess? 


Limiting Excess 
(1) K,[PtCl,] NH, 
(2) NH, K,[PtCl,] 
(3) None None 
(4) Both Both 
9. The number of mol of K,[PtCl,] and NH, used, respectively, 
are 
(1)0.1,0.2 (2)0.2,04 (3)0.3,0.6 (4) 0.03, 0.06 
10. The number of mol of excess reactant is 
(1) 4.68 (2) 4.78 (3) 4.58 (4) 4.48 
Paragraph 5 


Salt cake (Na,SO,) is prepared as follows: 
2NaCl + H,SO, —> Na SO, + 2HCI 

11. How much salt cake could be produced from 100.0 g of 
90% pure salt in the above reaction? 
(1) 109.8g (2)549¢ (3)366¢ (4) 209.8 g 

12. How much 80% pure salt cake could be produced from 
100.0 g of 90% pure salt in the above reaction? 
(1)43.92g (2)68.62g (3)87.84g (4)13725¢ 


Matrix Match Type Ill 


1. Match the items given in column I with those in column II. 


‘Column II 


Column I 


What mass of (NH,),CO, 
(Mw = 96 g mol!) contains 
0.4 mol NH,°? | 


Mass of (NH), CO, which q. | 
contains 6.02 x 10> | 
hydrogen atoms | 


Mass of (NH,),CO, 
which will produce 3.0 mL ot |. | 
CO, when treated with 
sufficient acid. 


Mass of (NH, ),CO, s.| 2 
is required to prepare 100 mL 
of 0.2 M (NH,),CO, dk. | 


| 
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2. Match the solution mixtures given in column I with the 


concentrations given in column II. 


Column I 


| Column Il 


of NaCl are diluted 
with water to 100 mL 


3.0 L of 4.0 M NaCl and 
4.0 L of 2.0 M CaCl, are 
| combined and diluted 

| to 10.0 L 


11.1 g CaCl, and 29.25 g p. 


[Ca2"] = 0.8 M 
[Na®] = 1.2 M 
[CI^] = 2.8 M 


q. [Ca?^]- 0.001 M 
[Na®] = 0.005 M 
[C18] = 0.007 M 


€. 300 mL of 3.0 M NaCI 
is added to 200 mL of 
4.0M CaCl, 


T 

r. | [Ca2*] = 1.6 M 
[Na®] = 1.8 M 
[[C1°]=5.0 M 


d. 100 mL of2.0 M HCL 


+ 200 mL of 1.0 M NaOH 
+ 150 mL of 4.0 M CaCl, 


+50 mL of H,O 


s. | [Ca2*] = 1.2 M 
[Na®] = 0.4 M 
[CIC] = 2.8 M 


a S 


3. Match the items given in column I with those in column II. 


Column I 


Column II 


a. Molarity (M) 


p. Temperature 
nl 


b. Molality (m) 


q-| Dilution 
x Beni 


c. Mole fraction (7) 


r. volume 


d. Normality (N) 


of products marked (?) given 


4. Match the weight of reactants given in column I with weight 


in column II. 


Column I | Column II | 
a. 2H, + O, —> 2H,0 n | 0.56 g 

10g 10g ? | E 
b. N,-3H,—— 2NH, | q- | 1.333 g 

10g 10g ? | 7 i | 
c. CaCO, 5030 +O, r. 1.125 ¢ 

oe B MN | | 
a. (C+ 2H, — CH, 81214 


5. Match the amount of reactants given in column J with 


neutralisation reactions given in column I], 


T Column J 
a. | 4.9 g H,SO, 


Tb. 4.9 g of H,PO, 

| c. 4.5 g of H,C,0, 

| | 

| m 


p. | 200 mL of 0.5 


q. 200 mmol oxygen, 


Column I 


| N NaOH is used 


for complete 


neutralisation 
i 


atoms 


Central atom has its 
| highest oxidation state. 


Numerical Value Type I 


2. 50 mL of 1 M HCl, 100 mL of 0.5 M HNO,, and x mL of SM 


. A solution contains 75 mg NaCl per mL. To what 


. To prepare 100 g of a 92% by weight solution of NaOH, 


» A person takes 6.1 g of an anta-acid tablet compris 


May react With Y 
oxidising agent. 


d. | 5.3 g Na,CO, 


Shape and geome 
around the centrs 
atom is same 4 


l Column I { i 
9.8% H „SO, by weight p. | 3. 
(density = 1.8 g mL!) LL 
9.8% H4 PO, by weight q. 
(density = =]. 2 g mL!) = 
1.8 N, molecules of r. 1.8 Equivalents 
HCI is 500 mL ll 
. | 250 mL of 4N NaOH s. 
+ 250 mL of 1.6 M 
Ca(OH), 


Column II 


Column I 


15.8 g KMnO, 


p. [6.023 x 107? molecules 


q. |24.092 x 107? atoms of oxygen Í 


1. What volume of 90% alcohol by weight (d = 0.8 g mL“) 
must be used to prepare 80 mL of 10% alcohol by weight 
(d=0.9 g mL-!)? 


H,SO, are mixed together and the total volume is made upto 
1.0 L with water. 100 mL of this solution exactly neutralise © 
10 mL of M/3 Al,(CO,),. Calculate the value of x. 

. How many mL of a solution of concentration 100 m$ 
Co?* per mL is needed to prepare 10 mL of a solution of 
concentration 20 mg Co?* per mL. 

. HCI gas is passed into water, yielding a solution of density - 
1.095 g mL! and containing 30% HCI by weight. C alculate — 
the molarity of the solution. ; 

extent i 

must it be diluted to give a solution of concentration i 

15 mg NaC! per mL of solution. ; 


how many g of H,O is needed? 


bicarbonate ion at 20.8%. The volume of CO, evolved at 
atm and 25° C) in the stomach (on neutralisation) multipli 


»" 


| by a factor of ‘10° will be x L. Calculate the approximate 

(integer) value of x. L-') and 5.6 g of molecules (d = 1.5 g L^). All density 
measurements arc made at STP. Calculate the total number 
of molecules (N) present in the given sample. Report your 


answer in ‘1023 NV’, 


8. The specific gravity of a salt solution is 1.025. If V mL of 
water is added to 1.0 L of this solution to make its density 
1.02 g mL, what is value of V in mL approximately? 


TM ara 3 
9. A 19.6 g of a given gaseous sample contains 2.8 g of Assume Avogadro's number as 6 » 10%, 


li. Archives EU 


JEE MAIN 8. The most abundant elements by mass in the body of a 
healthy human adult are Oxygen (61.4%); Carbon (22.9%). 


ingle Correct Answer Type 
Single yp Hydrogen (10.0%); and Nitrogen (2.6%). The weight 


1. The mass of potassium dichromate crystals required to 
oxidize 750 cm? of 0.6 M Mohr's salt solution is (molar 
mass = 392) 


(1) 0.49 g (2) 0.45 g 

(3) 22.05 g (4) 22g (AIEEE 2011) 
. The molality of a urea solution in which 0.0100 g of urea, 
[(NH.),CO] is added to 0.3000 dm? of water at STP is 

(1) 5.55 x 10^M (2) 33.3 M 

(3) 3.33 x 102 M (4) 0.555M (AIEEE 2011) 
. The density of a solution prepared by dissolving 


120 g of urea (mol. mass — 60 u) in 1000 g of water is 
1.15 g/mL. The molarity if this solution is 


(1) 0.50 M (2) 1.78 M 
(3) 1.02 M (4) 2.05 M (AIEEE 2012) 
. The molarity of a solution obtained by mixing 750 mL of 
0.5 M HCI with 250 mL of 2 M HCI will be 
(1) 0.875 M (2) 1.00 M 
(3) 1.75 M (4) 0.0975 M 

(JEE Main 2013) 
. A gaseous hydrocarbon gives upon combustion, 0.72 g 
of water and 3.08 g of CO, The empirical formula of the 
hydrocarbon is 
(1) CH, (2) C,H, 
(3) CH, (4) CH, (JEE Main 2013) 
- The ratio of masses of oxygen and nitrogen in a particular 
gaseous mixture is 1:4. The ratio of number of their molecule 
is 
(1) 1:4 (2) 1:8 
(3) 7:32 (4) 336 (JEE Main 2014) 
- At 300 K and ] atm, 15 mL of a gaseous hydrocarbon 
requires 375 mL air containing 20% O, by volume for 
complete combustion. After combustion the gases occupy 
330 mL. Assuming that the water formed is in liquid form 
and the volumes were measured at the same temperature 
and pressure, the formula of the hydrocarbon is: 


(1) CH, (2) C,H, 
(3) C.H, (4) C,H, 
(JEE Main 2016) 


which a 75 kg person would gain if all 'H atoms are 
replaced by ?H atoms is: 


(1) 15 kg (2) 37.5 kg 
(3) 7.5 kg (4) 10 kg 
(JEE Main 2017) 


. 1 gram of a carbonate (M,CO,) on treatment with excess 


HCI produces 0.01186 mole of CO,. The molar mass of 
M,CO, in g mol"! is: 
(1) 1186 (2) 84.3 
(3) 118.6 (4) 11.86 
(JEE Main 2017) 


. Theratio of mass percent of C and H of an organic compound 


(CH4O,) is 6 : 1. If one molecule of the above compound 
(Cx H,O;) contains half as much oxygen as required to burn 
one molecule of compound C,H, completely to CO, and 
H,O. The empirical formula of compound CX H4O0; is: 
(1) C,H,O (2) C,H,0, l 
(3) C,H,0, (4) C;H,O, 

(JEE Main 2018) 


JEE ADVANCED 


Single Correct Answer Type 
1. Given that the abundance of isotopes “Fe, **Fe, and "Fe is 


5%, 90%, and 5%, respectively. The atomic mass of Fe is 
(1) 55.85 (2) 55.95 
(3) 55.75 (4) 55.05 

(I T-JEE 2009) 


. Dissolving 120 g of urea (Mw = 60) in 1000 g of water gave 


a solution of density 1.15 g mL^!. The molarity of solution 
is: 
(1) 1.78 M (2) 2.00 M 
(3) 2.05 M (4) 2.322 M 
(IIT-JEE 2011) 


. Ifa student plots graphs of the square of maximum charge 


[O^ Lo) on the capacitor with time (4) for two different 
values Z, and L, (L, > L,) of L then which of the following 
represents this graph correctly? (Plots are schematic and not 


drawn to scale) 
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3. Silver (atomic weight 108 g mol!) has a densit 


O D 


2 : Y of 
Omas ^ Q2 10.5 g cm ?. The number of silver atoms on a surface of 
a , EN L? arca 10 7? m? can be expressed in scientific notation a, 
P (2) L Y x 10%, The value of x is .............. . (IIT-JEE 2010) 
1 . Among the following, what is the number of element, 
showing only one non-zero oxidation state? 
Das ar O, Cl, F, N, P, Sn, TI, Na, Ti (IIT-JEE 2019) 
o For bot , i 
(3) (4) Qo ads) . 29.2 (w/w) HCI stock solution has a density of 1.25 


(JEE Advanced 2015) 

4. The molecular formula of a commercial resin used for 

exchanging ions in water softening is C,H,SO,Na (Mol. 

wt. 206). What would be the maximum uptake of Ca?* ions 
by the resin when expressed in mole per gram resin? 


mL-!. The molecular weight of HCI is 36.5 g moj 
The volume (ml) of stock solution required to prepare a 209 
m solution of 0.4 M HCI is | 


| 
(IIT-JEE 2017) 


. If the value of Avogadro number is 6.023 x 1023 mof! and | 


the value of Boltzmann constant is 1.380 x 10-23 JK-1, then 


the number of significant digits in the calculated value of 


a (2) x 3) EN (4) i the universal gas constant is 
103 206 309 (JEE Advanced 2014) 
7. A compound H,X with molar weight of 80 is dissolved 
GEE Adyancen 2019) in a solvent having density of 0.4 g mL-!. Assuming 
Numerical Value Type no change in volume upon dissolution, the molality of a 
1. The value of n in the molecular formula Be, ALSi.O,, is 3.2 molar solution is 
—€— (IIT-JEE 2010) | (JEE Advanced 2014) 
2. A student performs a titration with different burettes and 8. The mole fraction of a solute in a solution is OL 
finds titre values of 25.2 mL, 25.25 mL, and 25.0 mL. The At 298 K, molarity of this solution is the same as is 
number of significant figures in the average titre value is molality. Density of this solution at 298 K is 2.0 g cm. 
eae (IIT-JEE 2010) The ratio of the molecular weights of the solute and solvent 
MW olute ) is 
MWeoivent (JEE Advanced 2016) 
Answers Key 
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2.1 INTRODUCTION 


Chemistry is essentially a study of oxidation-reduction or 
redox reactions which involve transfer of electrons either 
between the atoms of the same molecule or between the atoms of 
different molecules. Redox reactions can take place either in the 
gas phase or in solution or they may involve more than one phase 
(heterogeneous reactions) and occur both in inorganic and organic 
compounds. 

Both physical and biological phenomena are concerned with 
redox reactions. These reactions are used in biological, pharma- 
ceutical, industrial, agricultural, and metallurgical areas. 

Some examples of redox reactions are as follows: 

a. Burning of different types of fuels, e.g., coal, wood, petrol, 
diesel, kerosene, LPG (liquefied petroleum gas), CNG 
(compressed natural gas), etc., for obtaining energy for 
transport, domestic, and other commercial purposes. 

b. Electrochemical processes for the manufacture of highly 
reactive metals and non-metals, e.g., manufacture of 
chlorine and caustic soda (NaOH), corrosion of metals, 
and operation of dry and wet batteries. 

c. Development of ozone hole and environmental issues such 
as hydrogen economy (use of liquid hydrogen as fuel) are 
the latest examples of redox reactions. 


2.2 OXIDATION 


Oxidation is the process of addition of oxygen or any electronegative 
element or group or removal of hydrogen or any electropositive 


element or group. For example: 
o 
a. 2Mg(s) + O,(g) 2, 2MgO(s) (Addition of oxygen) 


[O] 
b. 2FeCL(aq) + CL(g) — — 3FeCl,(aq) 
(Addition of electronegative element) 


O 
t. HS(g) + CL(g) — > 2HCI(g) + S(s) 
(Removal of hydrogen) 


d K,MnO,(aq) + O,(g) + H,O(1) tl, KMn0O,(aq) 
+ KOH(aq) 


(Removal of electropositive element) 


2.3 REDUCTION 


Reduction is the process of addition of hydrogen or any 
: ectropositive element or group or removal of oxygen or any 
“ctronegative element or group. For example: 


Redox Reaction 


[R] 
a. H,(g)+ClL(g) ^? 2HCI(g) (Addition of hydrogen) 


[R] 
b. 2HgCl,(aq) + SnCl,(aq) ^  ? Hg,Cl,(s) + SnCl,(aq) 
(Addition of electropositive element) 


[R] 
c. ZnO(s) + C(s) > Zn(s) + CO(g) 
(Removal of oxygen) 


[R] 
d. 2FeCl,(aq) + H5S(g) ~ > FeCl (aq) + 2HCl(aq) + S(s) 
(Removal of electronegative element) 


2.4 ELECTRONIC CONCEPT OF 


OXIDATION AND REDUCTION 


a. Oxidation: It is a process in which an atom or a group of 
atoms taking part in a chemical reaction loses one or more 


electrons. For example: 
i Mg—> Mg” + 2e 
ii. Fet —o Fe?* + e 
iii. S27 — S + 2e 
iv. MnO,” —> MnO, + e 
b. Reduction: It is a process in which an atom or a group of 
atoms taking part in a chemical reaction gains one or more 
electrons. For example: 


i. Cl + 2e°-—> 2€1° 
ii, 2Hg!*42e- —9 Hg,” 
iii. Zn?* + 2e — Zn 


iv. Fe?*- e ——> Fe^* 


2.5 OXIDISING AGENT OR OXIDANT 


An oxidising agent or oxidant is a substance which supplies oxygen 
or any other electronegative element or removes hydrogen or any 
other electropositive element. Alternatively, an oxidising agent 
or oxidant is that substance which itself undergoes reduction in a 
chemical reaction. 

For example, O,, CL, and O, in reactions (a) to (d) given in 
Section 2.2 are oxidising agents. 

Some examples of oxidising agents are MnO, (manganese 
dioxide), KMnO, (potassium permanganate), HNO, (nitric acid) 
and K,Cr,O, (potassium dichromate). ' 


a. MnO,(s) + 4HCl(aq) —9 MnCl, (aq) + CL (g) 
+ 2H,0(1) 


2.2 Physical Chemistry 
b. 2KMnO,(aq) + 10FeSO,(aq) + 8H,SO,(aq) ^ 
MnSO, (aq) + K,SO,(aq) 
+ 5Fe,(SO,),(aq) + 8H;O(l) 
e. 10HNO,(aq) + L(s) —> 10NO,(g) + 2HIO,(aq) - 
+ 4H,0(1) 


d. K,Cr,O,(aq) + 3S0,(g) + H,SO,(aq) ^ i 
Cr,(SO,),(aq) + K,SO,(aq) + H,O(1) 


2.6 REDUCINGAGENT OR REDUCTANT 


A reducing agent or reductant is a substance which supplies 
hydrogen or any other electropositive element or removes oxygen 
or any other electronegative element. Alternatively, a reducing 
agent is that substance which itself undergoes oxidation in a 
chemical reaction. 
For example, H,, SnCl,, C, and H,S in reactions (a) to (d) 
given in Section 2.3 are reducing agents. 
Some examples of reducing agents are CO, Al, C, and HNO, 
(nitrous acid). 
a. Fe,O4(s) + 3CO(g) — 2Fe(s) + 3CO,(g) 
b. Fe,O,(s) + 2Al(s) —9 2Fe(s) + Al,O,(s) 
c. CuO(s) + C(s) —> CO(g) + Zn(s) 
d. 5HNO,(aq) + 2KMnO,(aq) + 3H,SO,(aq) m 
5HNO,(aq) + K,SO,(aq) + 2MnSO,(aq) + 3H,O(1) 


2.7 OXIDATION NUMBER AND STATE 


Oxidation number is defined as the residual charge which an atom 
of the element appears to have when all other atoms that form the 
molecule are removed as ions. Oxidation numbers are also called 
oxidation states. 
Note: A redox reaction involves two half reactions: oxidation 
half reaction and reduction half reaction. 

Now, anew concept of oxidation number and oxidation states 
is being introduced in order to study oxidation and reduction 
reactions (redox reactions) in a much better way. 

Oxidation number: It refers to the total charge on all atoms 
of same kind in a compound. 

Oxidation state: It refers to the charge per atom of all atoms 
of same kind in a compound. 

Oxidation state, many a times, is also referred to as oxidation 
number. 

This means the oxidation number of an element in a compound 
is equal to the oxidation state of that element multiplied by the 
total number of atoms of that element in that particular compound. 

a. In ionic compounds, it is simply the charge on the 
corresponding cation and anion expressed as the oxidation 
state of that particular element. For example, the oxidation 
states of potassium and chlorine in potassium chloride 
(KCl) are simply +1 and —1, respectively, as KCI is treated 

as K9C]^, 
Consider the following examples where oxidation states 
are written above the atoms: 


Note: a. In MgCl, and AICI,, r^ is the oxidation state a 
Cl atom and its oxidation numbers are —2 tnd | 
—3, respectively. 
b. In each of the above cases, the sum of Oxidation | 
number of all the atoms of all kinds is equal to Zeto 

(as the compound is neutral). 

b. In covalent compounds, itis not so easy to assign Oxidation | 
state to an atom. In order to simplify the concept, we all 
going to define a set of rules which would enable us fs | 

ate to every element in any compound | 
| 


2.7.1 RULES FOR ASSIGNING OXIDATION NUMBER 


AND STATE | 

a. Any element in free state is assigned an oxidation state of 
zero (0). For example, the oxidation state of H, P, 5, O, Fe 
and Br in H,, P, Sg, Op; Fe, and Br,, respectively, is equa 
to 0. 

b. The oxidation state of any cation or anion (of form A® or 
B®) is equal to the magnitude of its charge. For example 
the oxidation state of Ca in Ca? = +2, the oxidation state 
of Al in Al3+ = +3, the oxidation state of Cl in CI* =, 
and so on. 

c. i. The algebraic sum of the oxidation numbers of all atoms 

in a neutral compound is equal to 0. 

ii. The algebraic sum of the oxidation numbers ofall atoms 
in an ion (such as PO?) is equal to the charge on the 
ion. 

d. The oxidation state of alkali metals (group IA) is +1 in allof 
their compounds and that of alkaline earth elements (group 
IIA) is +2 in all of their compounds. 

e. Hydrogen, in almost all of its compounds, is assigned an 
oxidation state of +1. The exception occurs when hydroges 
forms compounds with strong metals (metallic hydrides). 
For example, KH, NaH, MgH,, CaH,, etc. In all of these 
the oxidation state of hydrogen is —1.- 

f. Oxygen, in almost all of its compounds, is assigned a 
oxidation state of —2. In a class of compounds called 
peroxides, the oxidation state of oxygen is —1. For example, 
H,O,, Na,O,, etc. Other exceptions are OF, where the 
oxidation state is +2, O,F, where the oxidation state is +l | 
and KO, in which the oxidation state is —1/2. 

g. Fluorine is the most electronegative element and is assigned 
elec e of -1 in all its compounds. For othet 
are bonded ie “oe ` vei , pneu -l except when él 
Oxidation stats aon iu SERENE halogen or oxys™ | 

MN Ine in IF, is +7, oxidation state % | 
chlorine in KCIO, is +5, | 


assign oxidation st 


Calculate the oxidati 
ation number of all t i ng | 
compounds and ions: Se atoms in the oe 


a. POSOL | beCrO2-..¢, Sb,0; d. (NH,),SO, 


Sok) a.In PbSO, Or Pb?*(SO 2- | 


Oxidation number of Pb = +2 


P = Redox Reaction 2.3 


Oxidation number of each O atom = 2 


Let oxidation number of S = x 
+2+x+4(-2)=0 > 247-8 =0>x=+6 


Hence, oxidation number of S in PbSO Mis 


b. 


haus 


Oxidation number of each O atom = 2 


Let oxidation number of Cr = x 
xt4-2)2-2 => x-8-2-2 => x-6 
Hence, oxidation number of Cr in CrO 2 = +6, 
In Sb.O, 
Oxidation number of each O atom = -2 
Let oxidation number of Sb = x 
2x+5(-2)=0 => 2x-10=0 => x=45 
Hence, oxidation number of Sb in Sb.,O, = +5 
In (NH,),SO, or (NH,°),SO "ug 
Let oxidation number of N in NH 2 X 
Oxidation number of each H atom = +1 
x * 4H) = +1 (taking NH,9) 
[——3 
s, oxidation number of N in (NH,),SO, = -3 
and oxidation number of each O atom = -2 
Let oxidation number of S = x 
~. x + 4(-2) + 2 (taking SO,2>) 
-8 =-2 2 orx=6 
Hence, oxidation number of S in (NH,),SO, =6 


Determine the oxidation number of follo-wing underlined 


elements: 
a. HCN b. HNC 
c. HNO, d. KO, 
e. FejO, f. KI, 
g N.H h. Fe(CO), 
i Fej,0 j. NH,NH, 
k. FeSO,(NH,),S0,6H,O 1. NOCI 
m. NOCIO, n. Na,[Fe(CN);NO] 
o. [Fe(NO)(H,O).|SO, p. Na,8,0, 
q. (CH,),SO r. Na,S,0, 
$. CaOCL 


HCN: The evaluation cannot be made directly in some 
cases, e.g., HCN, by using rules proposed earlier as we 
have no rule for the evaluation of the oxidation number 
of both N and C. In all such cases, evaluation of oxidation 
number should be made using indirect concept or using 
fundamentals by which following rules have been 


formed: 


i. Each covalently bond contributes one unit for 
oxidation number. 

ii. Covalently bonded atoms with less electronegativity 
acquire positive oxidation number whereas other 
atoms with more electronegativity acquire negative 
oxidation number. 

iii. In case of a coordinate bond, give +2 value for 
oxidation number to the atom from which coordinate 
bond is directed to a more electro-negative atom. 
If coordinate bond is directed from a more 
electronegative to a less electronegative atom, then 
neglect the contribution of coordinate bond for both 
atoms in which coordinate bond exists. 

Thus, H—C=N 

Three bonds on N atom implies more electronegative 

l +a+3(-1)=0 

Oxidation number of N = 3(-1) =- 

Oxidation number of C, a = +2 


. HNC: H—C=N 


Oxidation number of H = +1 


Oxidation number of N 


= [-2 + (-1) d 0] 2-3 
[For covalent [For covalent [No contribution 
bond with C] bond with H] for coordinate 


bond] 
According to fundamental concept = —3 
"l1*(3)ta20 > a-222 
HNO;: By rules, 1 +a+3(-2)=0 > a--5 
By fundamental approach 
H— —0—N& 
zao 
Oxidation number of H = +1 
Oxidation number of N 
=+] + (+2) - (+2)= +5 
[Covalent [Two covalent [Coordinate bond] 
bond with O] bonds with O; 
N being less 
electronegative 
than O] 
KO,: A superoxide of K 
Oxidation number of K = +1 
Oxidation number of O = a 
| + 2(a) = 0 and a = -1/2 
l'e40,: 3(a) + 4(-2) = 0 > a = +8/3 
Fe,O, is a mixed oxide of FeO-Fe,O3. 
Therefore, Fe has two oxidation numbers +2 and +3, 
respectively. However, factually speaking, oxidation 


number in Fe4O, is an average of two values, i e. T2 
and +3. 


rt 
3 


Therefore, average oxidation number — 


2.4 Physical Chemistry 


KE: | + 3(a)=0 > a7 -M3 
Since Kl, is KI + L. therefore, 1 
numbers —1 and 0, respectively. 
However, oxidation number of I in 


two values —1 and 0. l 

Therefore, average oxidation number 
-1-20)  ! 

= $ 3 


has two oxidation 


KI, is an average of 


g. N,H: 3(a) * ! =0 2a--13 
h. Fe(CO).: Sum of oxidation number of CO = 0 
sac5(070 > a=0 
i Fe0:0940) * C270 > 27 200/94 
NH,NH;: Both N have same nature, therefore each N 
has oxidation number —2. 
k. FeSO,(NH 9950 4 6H,0: 
Oxidation number of Fe = a 
Sum of oxidation number for (NH,),SO, = 0 
Sum of oxidation number of H,O = 0 
Sum of oxidation number of SO = -2 
-a-(2)-0-6(0-0 > a-222 
L NOCI: CI—N-O or use NOSCI? 
Oxidation number of N = +1 (for covalent bond with ch 
Oxidation number of N = +2 (for two covalent bonds 
with O) 
Therefore, oxidation number of N in NOCI = +3 
m. NOCIO,: The compound may be written as NO* CIO 9 
for CIO,^. i 
For C10", let the oxidation number of Cl = a. 
—-at4(2)72--1 => a--1 
n. Naj[Fe(CN);NO]: NO in iron complex has NO? nature 
72*1+(f[a+5(-1)+(41)]=0 
<. a=+2 
o. [Fe(NO)(H,O),JSO,: 
at+1+5x0+(—2)=0 
=> a=rl 
p. Na,$,0,: 2(+1) + 4a + 6(-2) - 0 
he a= 45/2 
Here also, this value is the average oxidation number of 
S. The structure of Na,S,O, is 


u O O 

vm 1 1 

Na S —S—S— S —0—N: 
Í li ^ 
Ó Ó 


Thus, oxidation number of each S atom forming 
coordinate bond is +5, whereas oxidation number of 
each S atom involved in pure covalent bonding is zero, 
Therefore, average oxidation number 


45454040. ,5 
EN NM A aa 


4 2 


q. Dimethyl sulphoxide or (CH4),SO: 

Oxidation number of CH, = +] 

Oxidation number of O=-2 

V (+1) tat C2 70 — a-0 
r. Na,S,0,: 2 x142xa*3(2)70 > a-*2 
Here too, it is the average oxidation number. 
The structure of Na,S,0, is 

O 


T 

Na—S— S —O—Na 
4 
O 


The oxidation number of S involved in coordinate bond, 
i.e., donor S atom, is +5. The oxidation number of other 


S atom is —1. 


s. CaOCL: In bleaching powder, two Cl atoms are as 


Ca(OCI) Cl, i.e., one as CI? having oxidation number 
- 1 and other as OCI? having oxidation number +1. 


2.8 OXIDATION STATE OF OXYGEN 


IN DIFFERENT FORMS 


2.8.1 OXIDATION STATE OF OXYGEN IN PEROXIDES 


AND PERACIDES 


Oxidation state (oxidation number) of oxygen in peroxides 
(—O—O—), e.g., H,O,, and peroxoacids is —1. 
For example: 


a. 


b. 


Hydrogen peroxide (H,O,): 


Sodium peroxide (Na,O,): H -3 d H 


. =i 
. Strontium peroxide (SrO,): Sr i 


| -l 
. Barium peroxide (BaO,): Ba] 


Peroxosulphuric acid or peroxy sulphuric acid or permono 


oxosulphuri 3 i 1 
(H,S0,): ric acid or persulphuric acid or Caro's acid 


Structure: 
0? 
ns |. -l -1 
Q—H 
i. Calculati anb 
. Me ation of oxidation state af S ; . 
anions: on state of S in H,SO, and their 


Two oxygen i | 
Ben in peroxide bond i 
are in —1 oxidati 
Thi -—|x2--2 m 
ee oxygen in —2 oxidati 
M 2 ation = 
O HjS0,-24x-2-6-0 3, p 
: SpA. number of S = +6 we 
» HSO.° (monohydroperox 
o sulphate ion): 
HSO,° -144.5. MM m ate ion): 
Oxidation number of S = 6 a, 


iii. SO,*- (peroxosulphate ion) 
.804--x-2-6--22x-6 
Oxidation number of S = +6 


f. Peroxodisulphurric acid or peroxydisulphuric acid or 


permonooxodisulphuric acid or per disulphuric acid or 
Marshall’s acid (H,S,O,): © 


Structure: 
Qo? "E 
+ 2 daa Io 5 
ME Rid M uS 
O—H 0—H 
2 +l -2 +] 


i. Oxidate state and oxidation number of S in H,S,O, and 
their anions: 


Two oxygen in peroxide bond are in -1 oxidation state 
=-]x2=-2 


Six oxygen in H,S,O, are in — 2 oxidation state 


=2x6=-12 
^ H,S,0, : 2+2x-—2-12=0 
2x=12>x=6 


Oxidation number of S in H,S,O, = +6. 
ii. Monohydroperoxodisulphate ion or hydro-persulphate 


ion (HS,O,°): 
]*2x-2-12-2-1 
2x 2-122 x76 


Oxidation number of S in HS,O,° = 6 
iii. Peroxodisulphate ion or persulphate ion (S0, ^): 
2x -2-—12=-2 
2x=12>x=6 
Oxidation number of S in S,O,?" = +6 
. Peroxophosphoric acid or peroxyphosphoric acid or 
permonooxophosphoric acid or perphosphoric acid 


(H,PO,): 
Structure: 
o 
+ 2 "EE ] 
H— cn 
O—H 
2 +i 


. Oxidation state (oxidation number) of P in H,PO, and their 
anions: 


Two oxygen in peroxide bond are in -1 oxidation state 
=-1x2=-2 

Three oxygen in H,PO, PO, are in —2 oxidation state 
=2x3=-6 

H,PO,=3+x-2-6=0>x=5 

Oxidation number of P = +5 


Similarly, oxidation state of P in H,PO,' 
PO,* is +5. 


Likewise, oxidation state of C in H,CO, (peroxocarbonic 
acid), HCO,°, and CO,” is +4. 


Therefore, it is concluded from the above examples that 
oxidation state or oxidation number of an element in acids 
and its corresponding peracids remains same. 


s HPO,” and 


Redox Reaction 2.5 


i. Chromium pentaoxide (butterfly structure) (CrO,): 


Oxidation state (oxidation number) of Cr in CrO;: 
There are two peroxide (—O—O-—-) bonds in CrO,. 
Four oxygen in two peroxide bond are in —1 oxidation state 


= 2» x 4 = —4 
One oxygen in CrO, is in —2 oxidation state 
=-2 x ]=-2 


A CIO, =x-—4-2=0 => x= +6 
Oxidation number of Cr = +6 


2.8.2 OXIDATION STATE OF OXYGEN IN SUPEROXIDES 
Oxidation number of oxygen in superoxides is —1/2, e.g., in 


J-l +] -2 
K O, (potassium superoxides) and Rb O, (rubidium superoxide). 


2.8.3 OXIDATION STATE OF OXYGEN, WHEN IT IS 
BONDED TO FLUORINE 


42 =] 

In such compounds, e.g., oxygen difluoride (O F,) and dioxygen 
+1 -l 

difluoride (O, F,), the oxygen is assigned an oxidation number of 


+2 and +1, respectively. The number assigned to oxygen depends 


upon the bonding state of oxygen but this number should be a 
positive figure only. 


2.9 HIGHEST OXIDATION NUMBER 
STATE OF THE GROUP ELEMENT 


It represents the group in which the element is present. For 
example, the highest oxidation number state of the element K 
in KC] is +1, since K is a first group element. Similarly. for the 
elements of other group, it is shown as below: 


Fiement |e G [AS [N TS. 


uen; EA 


Compound 


Highest oxidation a = +4 +6 
number state of 
the group element 


2.10 STOCK NOTATION 


Oxidation state is often used interchangeably with oxidation 
number. Thus, the oxidation state and the oxidation number of C 
in CO, is +4, and the oxidation state and the oxidation number of 
O in CO, is 2. Thus, the oxidation number denotes the oxidation 
state of an element in a compound. 


The oxidation number state of a metal in a compound is 
sometimes represented by Stock notation given by German chemist 
Alfred Stock. In this notation, the oxidation number is expressed 
by a roman numeral such as I, II, HI, IV, V, VI, VII, etc. Indicating 
the oxidation state of the metal within parenthesis after the symbol 
or name of the metal. 


For example, nitrogen forms five oxides, i.e., N 0, NO .NO,, 
N,O,, and N,O, having the oxidation number +] E *4, 44. an d 


2.6 Physi i 
eee Satis Hg. (IC, is the reduced form of Hg(IDCL,. 
2 


+5, respectively. Therefore, according to stock notation, they are 
represented as N,(1)O, N(IDO, N(IV)O,, N4(IV)O,. and N,(V)Os» 
respectively. 

Similarly, aurous chloride and auric chloride are written as 
Au(DCl and Au(IIDCI,. Similarly, stannous chloride and stannic 
chloride are written as Sn(II)CI, and Sn(IV)Cl,. respectively. This 
change in oxidation state explains whether the species is present 
in oxidised or reduced form. 


Fractional oxid 


whos 
oxidation state. Structures a 


(tribromooctaoxide) show 


Thus, Sn(IDCI, is the reduced form of Sn(IV)CL. Similarly, 


Table 2.1 Difference between valency and oxidation number (these two te 


Dxidation number 


Oxidation number is the residual charge left on the atom when 
other atoms are removed as ions. 


2. | It can be zero, e.g., oxidation number of C in CH,Br, is zero. 
3. It refers to the charge, which can be positive or negative, e.g., 


in CuCl,. the oxidation number of Cu is +2 and that of Cl is —1. 


4. It can have fractional value, e.g., oxidation number of S in 
K,S,0, is + 5/2. 


Un 


. Oxidation number of an element can be different 
in different compounds, e.g., oxidation number of C in 
| CH,, C,H,, CH,Br, C-H., CH,Br,, CCl, and CHBr, are 
—4, —3, —2, —1, 0, +4, and +2, respectively. 


6. Oxidation number of an element can be variable but the variation 

is very large, e.g., oxidation number of N in NO, NO, N,O,, 

| NO,, N5O,, N,, N-H N,H, and NEL, is +1, +2, +3; +4,'+5;-0, 
—1, —2, and —3, respectively. 


2.11 FRACTIONAL OXIDATION STATE 


ation state is the average oxidation state of the 
element and the structural parameters show that the element 
e oxidation state is determined is present in different 
nd oxidation numbers of the species 
C40; (carbon suboxide), and Br,O, 


2- (tetrathionate ion), i 
$406" ( the following bonding situations: 


a. SJO (4x- 12 =-2,x= 2.9) 


, Sn ^ (Reduction) 


> Hg; (Reduction) 


Sn^* 28 


2Hg^' + 2e 
Note: Hg,Cl, is also called calomel and is an ba compound, 
wild H gCl is also called corrosive sublimate an 1S he covalent 
compound ‘and poisonous, antidote of this 1s white of an 


egg. 


rms have different meanings a5 explained below) 


g capacity of an element. It is also defined 


It is the combinin 
e number of O atoms 


as the number of H atoms or twice th 
with which an atom of the element reacts. 


2. | It cannot be zero. 


6. | For an element, it can be variable but is limited to only 
two values, e.g., the valency of N is either 3 or 4 in all its. 
compounds, such as N,O, NO, N,O,, NO,, N,O.. 

(N20) >:Ni==:N: — O (or) 
(3 valency of each N) 


nd it is not assigned as positive or 


It is only a number a 
the valency of Cu is 2 


negative. For example, in CuCL, 
and that of Cl is 1. 

It is always a whole number, since atoms always combine 
in simple whole numbers. 


It is fixed in all its compounds, e.g., the valency of C is 4 
in all its compounds, such as CH,, C,H,. CH,Br. C,H, 
CH,Br,, CCl, and CHBr}. 


Ni==:N:=:0: 
2valency 4 valency 
NO2) 2 O «—:N:—0O (or) Dd s 
(N203) > ur a dis O=N—N—6 


3 valency 4 valency 


O O 
(Four valency of each N) 
(N20s) 
= O=N—O—N~O (or) O=N—o—N=0 


O O 


S 
O e 
(Four valency of each N) : 


———— 


Oxidation number ofS 225 


Structure: Ó ls 0 0 I. 
| * * | x: 
o Ó 


(000 mme — HH —— —AÓ—— 


In the species S,O,?-, each of the two extreme S atoms 
shows oxidation state of +5 and the middle S atom as 0. 
The average of oxidation numbers of the four sulphur atoms 
is 2.5, whereas the reality being +5, 0, 0, and +5 oxidation 
number, respectively, for each sulphur. 

b. C,0, (3x - 4=0,x = 4/3) 
Oxidation number of C= 4/3 
Structure: O— C == C = C =O 
In C,O,, two terminal carbon atoms are present in +2 
oxidation state each, whereas the third C atom (middle 
carbon) is in zero oxidation state and the average is 4/3. 
Br,O, (3x - 16 = 0, x = 16/3). 
Oxidation number of Br = 16/3 


CUP EN 

Structure: O = Br —B— Bio 

| dU I 

O O O 
In Br,Og, each of the two terminal Br atoms is present in 
+6 oxidation state and the middle Br atom is present in +4 
oxidation state. The average that is different from reality 
is 16/3. 

Therefore, in general, the fractional oxidation state reality 
is revealed by the structures only. It is concluded that fractional 
oxidation state is the average oxidation number only. This proves 
that the element in that particular species is present in more than 
one whole number oxidation states. 

For example, Mn4O,, Pb4O,, and Fe,O, are mixed oxides of 
(2MnO + MnO,). (2PbO + PbO,), and (FeO + Fe,O,), respectively, 
in which each metal atom shows fractional oxidation state. 
Likewise, oxidation state of oxygen in 9 (dioxygenyl ion) and 
OS (superoxide ion) is 41/2 and —1/2, respectively. 


E 


Using stock notation, represent the following compounds: 


a. HAuCl, b. TLO c. FeO 
d. Fe,O, e. Cul f. CuO 
g. MnO h. MnO, 


Compound Stock Name of 

- notation the compound 

+] 43 -1x4 i 
es H Au Cl; HAu (III)CI, Hydroauric chloride 

41x2 -2 
ETE TL(I)O Thallous oxide 
"TM Fe(II)O Ferrous oxide 

43x2 -2x3 

Fe, O Fe,(III)O 

+1 -l "o 
E e. Cu(I)I Cuprous iodide 

42-2 
e| &à | camo 

5-9 

je | sind | mamo 

44 -2x2 

Mn O, Mn(IV)O, Manganese dioxide 


Ferric oxide 


Subjective Type 
l. 


10. 


. Find the oxidation number of Cl in HCI, HCIO, CIO, ”, and 
. Find the oxidation number of carbon in the following 
. Find the oxidation number of Fe in Fe,O, and Fe(II), [Fed 


. Identify the oxidant and reductant in the following reactions: | 


. Identify the species undergoing oxidation and reduction. 


Redox Reaction 2.7 


CONCEPT APPLICATION EXERCISE 2.1 


Identify the oxidant and the reductant in the following 
reactions: 

a. Zn(s) + 7 9X8 — ZnO(s) 

b. Zn(s)-*2H$(aq) —9» Zn? (aq) + H,(g) 


. Find the oxidation number of sulphur in the following 


compounds: H,S, H,SO,, SO 2, 8,0," » HSO,*. 
Ca(OCI)CI. 

compounds: CH4,OH, CHO, HCOOH, C,H. 
(CN)¢]3- 

a. 10H®(aq) + 4Zn(s) + NO, (aq) —> 4Zn^ (aq) | 


+ NH,*(aq) + 3H,O(1) 
b. L(g) + H,S(g) — 2HI(g) + S(s) 


a. H,S(g) + CLE 2HCl(g) + S(s) 
b. 3Fe,0,(s) + 8Al(s) —> 9Fe(s) + 4ALO,(s) 
c. 2Na(s) + H)(g) — 2NaH(s) 


. a. Justify that the reaction 


2Cu,O(s) + Cu,S(s)— 6Cu(s) + SO,(g) isa redox reaction. 
Identify the species oxidised/reduced. Which acts as an 
oxidant and which acts as a reductant? 

b. 2Na(s) + H,(g) — 2NaH is a redox change. 


. Which of the following represents oxidation? 


a. NO,—oN, b. vo,° — VO, 

e. CIO? — CI? d.CrO -C Wa 

Using stock notation, represent the following compounds 
write their names also. 

a. Na,Cr,O; b. Mn,O, €. V.O; d. K,CrO, 
e. CrjO, f. FeSO, S Fe,(SO,); h. CuBr, 
i. CuBr, 


and 


oy ee ANSWERS” i —— 


Subjective Type | 
1. a. Zn(reductant), O(oxidant) b. Zn(reductant), H(oxidant) 
2. H,S: -2; H,SO,: +6, 8,0, 43 S,0,7°: +6; HSO,° : +4 


9e -10 U Ss Ww 


at 


_ HCI =-1, HCIO: + l; CIO Ph Ca(OCDI)CI: 0 

. CH,OH: = -2: CHO; O; HCOOH : +2; C,H,:-1 

. Fe,0,: 8/3; Fe(III),[Fe(I)(CN)4]s: 18/7 

a. Zn(reductant), N(oxidant) b. S(reductant), I(oxidant) 
. Refer solutions. 

. a. S(reductant); Cu®(oxidant) 

b. Yes, Na is oxidised and H, is reduced 

c. 10. Refer to solutions. 


2.12 TYPES OF REDOX REACTIONS 
2.12. 1COMBINATION REACTIONS 
A reaction in which two atoms or molecules con 
forma third molecule is called a combination reaction. 
A+B—>C 
Either A or B or both A and B must be in the elemental for 


a redox reaction. All combustion reactions 1n 
ons that involve 


ample: 


nbine together to 
For example: 


m for 


such a reaction to be 
which elemental oxygen is used and all other react! 


elements other than oxygen are redox reactions. For ex 
-3 
0 0 +2 


a. 3Mg(s) + Na (g) ——> Meg; No(s) 


0 0 p ==> 
b. C(s) 5 O.(g) —— CO,(8) 


+41 0 A +4 -2 +] -2 
c. CH,(g) + 203(g) —— CO;(g) + 2H; O(I) 


0 0 A +1 -3 
d. Li(s) + N3(g) —— Li; N(s) | 
In reaction (c), there is no change in the oxidation number of 
hydrogen. 


2.12.2 DECOMPOSITION REACTIONS 

Decomposition reactions are those in which when a molecule 
breaks down to form two or more components, at least one of them 
must be in the elemental state. Thus, decomposition reactions are 


reverse of combination reactions. For example: 
+1+5 -2 $E ul 0 
a. 2KCIO,(s) —-— 2KCI(s) + 302(g) 


9 =] 


EN 0 0 
b. CaH, —+> Ca(s) + H;(g) 


+1 -I ^ 0 0 
€ 2NaH —— 2Na(s) + H,(g) 


0 0 
d. H,O(l) —*> 2H,(g)+0,(g) 


2.12.3 DISPLACEMENT REACTIONS 
A reaction in which an atom or ion in a compound is replaced by 
an atom or ion of another element is called a displacement reaction. 
It may be denoted as: 
X+YZ — > XZ+Y 
TYPES OF DISPLACEMENT REACTIONS 
These are of two types: 
a. Metal displacement reactions 
b. Nonmetal displacement reactions 
a. Metal displacement reactions: In these reactions, a metal 
in the compound is displaced by some other metal in the 
uncombined or elemental state. These reactions are used in 
metallurgical processes in which pure metals are obtained 
from their compounds in ores. 


For example: 


42 +6 -2 0 A 0 3246-2 
Cu S O4(aq) + Zn(s) ——? Cu(s) + Zn S O,(aq) 


+3 -2 0 " 0 13-2 

Cr O;(s) + 2Al(s) —— > 2Cr(s) + Al; O,(s) 
0 42 -2 0 

V; O. (s) + 2Ca(s) —4-» 5CaO(s) + 2V(s) 


a 0 42 -l 0 
TiBr, (J) + 2Mg(s) —*> 2MgBr, 5) + Ti(s) 
In all the above cases, the reducing metal is a better reducing 
at is being reduced, which shows more 


agent than the one th | 
: ompared to the one that is 


capability to lose electrons asc 
reduced. 


cement reactions: In these reaction, 


tal displaces another nonmetal from į l 
d. These nonmetal displacement redox reaction ; 
compound. ! ment and a rarely Occurring 


i displace . 
inni Dien oxy gat or halogens displacement. 
rea All alkali metals and some alkaline earth metals (c 


Sr, and Ba) which are very good reductants display 
hydrogen from cold water, for example, 


H1 -2,*1 0 
2K (s) + 24,001) —— 2 KOH (aq) + H2 (8) 
+2 -241l 0 


Ba(s) + 2H, 0 (D ——» 2Ba (OH); (aq) + H3 (g) 
/ 
ii. Less reactive 
to produce dihydrogen gas, for 
| -2 +2 -2+1 0 
Mg(s) + 2H, O(1) _4_, Mg(OH),(s) + H5(g) 


metals such as Mg and Fe react with steam 
example, | 


| 
0 +1 -2 A +3 -2 0 | 
2Fe(s)  3H,0(1) —— Fe; O3(s) + 3H; (8) | 
iii. Many metals, including those which do not react with | 
cold water, displace dihydrogen from acids, for example, 
41-1 ^ 


0 42 -l 0 
Zn(s) + 2H Cl(aq) —— Zn Cl; (aq) + H5(g) 
0 +1 -l "E E 0 
Fe(s) + 2H Cl(aq) —— FeCl, (aq) + H5(g) 

0 +1 -1 -—- EX 0 
Mg(s) + 2H Cl(aq) ——> Mg Cl, (aq) + H,(g) 


The reactions of Zn and Mg with HCI are used in the 
preparation of dihydrogen gas in the laboratory. 

iv. Metals such as Cd (cadmium) and Sn (tin) which do 
not react with steam but react with acids to produce 
dihydrogen gas. For example, 

0 +1 -1 +2 - 
Cd(s) + 2HCl(aq) —— Ca CL, (aq) + H, (g) 
+1 -1 32. aj 0 


0 
Sn(s) + 2H Cl(ag) —— Sn Cl, (aq) + H, (2) 


v. Very less reactive metals such as silver (Ag) and gold 


(Au) which may occur in the native state do not react 
even with HCl. 


Reactivity of Metals 


The reactivity of metals is det . 
ermined b ww 
of H, by metals from H,O y the rate of evolution 


estrate, Mg reacts slowly, Fe reacts 
and Au do not react at all. 
Zn>Cu> Ag 

Reactivity of Nonmetals 
The nonmetals, such as h 


electrons, therefore, their r 
power, 


BCEONS have a tendency to accept 
Activity depends upon their oxidising 


T " " » " 
he order of decreasing Oxidising power of 


` halogens is: 
F, = Cl, > Br, > I, 


" hus, F, is the strongest ox idi 
: l from the solutions of their 
). F, is very reactive so it displa 


Sing agent; it displaces CL, Bry, 
respective ions (C]9. Br. and 
ces O, from H 
| 3 20, for example, 
F, + 2CI? —, CL 3po 
F;*2Br9— , Br, + 2F9 

F, +219 —, L + 2po 


wa 


Redox Reaction 2.9 


Reverse reactions in the above cases are not feasible. 


0 4 -2 +1-l 0 

2F,(g) + 2H2 O(l) > 4HF(g) + O2(g) 

Similarly, Cl, can displace Br? and I? ions and Br, can 
displace 1° (but reverse reactions are not feasible). 

That is why displacement reactions of CL, Br», and I, using 

F, are generally not carried out in aqueous solutions. 
^ Layer Test: Chlorine can displace Br^ and ]? ions in an 
aqueous solution. As Br, and L, are brown and violet coloured and 


dissolve in CCl}, they can easily be identified from the colour of 
the solution, for example, 


0 
Cl»(g) + 2Br^ (aq) ——> 2C? (aq) + Br, (1) 


(Orange colour 
in CCl4) 


0 © 
Cl: (g) + 21° (aq) ——> 2Cl(aq) + I,(s) 


(Violet colour 
in CCl4) 


The above two reactions form the basis of identifying Br? 
and I? ions in the laboratory through the test known as layer test. 
The halogen displacement reactions are used in industry for 
the recovery of halogens from their halides using suitable chemical 
oxidising agents. 
Oxidising 

2X9 LAU? X, + 2e- 

Oxidising agents such as KMnO,, MnO,, K,Cr,0,, etc., are 
also used to oxidise C1®, Br®°, and I? ions to form CL, Br», and L,, 
respectively. But no oxidising agent is available to oxidise F® ions 
to F,, since F, itself is the strongest oxidising agent. However, F, 
can be prepared by oxidising F® ions electrolytically. 


2.12.4 DISPROPORTIONATION REACTIONS 


In a disproportionation reaction, an element in one oxidation 
state is simultaneously oxidised and reduced. One of the reacting 
substances in a disproportionation reaction always contains an 
element that can exist in at least three oxidation states. The element 
in the form of reacting substance is in the intermediate oxidation 
state, and both lower and higher oxidation states of that element 
are formed in the reaction. 


For example: 
a. Decomposition of H,O, (hydrogen peroxide) to H,O and O,. 
In H,O, -1 oxidation state of O is converted to zero oxidation 
state in O, and decreases to —2 oxidation state in H,O. 


| Reduced 4 
+] -] +] -2 0 
2H20; (aq) ————> 2H20 (1) + O» (g) 
Oxidised 


b. Phosphorous, sulphur, and chlorine undergo dispropor- | 


tionation in the basic medium as given below: 
0 -3 
i. P,(s) ——> PH; (g)(phosphine)(reduction) 
0 +] 
P,(s) — HPO? (aq) (oxidation) 
Dihydro hypophosphite ion 
Net equation: 


A R 
P, (s) + 3OH(aq) -3H,0(D)— PH, (g) 


+1 
+ 3H, PO? (aq) 


0 +2 -2 
ii. S(s) —— 28; O3(aq) (Thiosulphate ion) (oxidation) 


0 -2 
S, —— 4S (Sulphide ion) (Reduction) 
Net equation: 


LLL ANE MEE quendi etti LI itti 

0 © +2 " 

S,(s) + 120 H(aq) — 4S?" (aq) + 28, OF (aq) 

+ 6H,O(1) 

L a a E 
iii. Reaction of Cl,, Br,, and I, in cold and dilute alkaline 

medium: 

0 » 
Cl, (g) —— Cl” (aq) (reduction) 


0 +1 
Cl, (g) ——> C10° (aq) (hypochlorite ion) 


(oxidation) 


+10 


0 © -1 
Cl, (g) + 20 H(aq) —*> Cl(aq) + ClO(aq) 


+ H,0(1) 
The reaction is the basis of household bleaching agent. 
The CIO? ion formed in the above reaction oxidises 
the colour-bearing stains of the substances to colourless 
compounds: 
Bromine and iodine show the same trends as shown by 
chlorine in reaction (iii) above. 


Similarly, the reaction of Br, and L, in cold alkaline 
medium is as follows: 


o © Cold ad 
Br, (g) + 20H (aq) ——» Br (aq) 


+1 
+ BrO? (aq) + H,O(1) 
Hypobromite ion 
© -l +1 
L (s) + 20H (aq) —=* I? (aq) + IO? (aq) + H,0() 
l Hypoiodite ion 
Fluorine does not show a disproportionation reaction 
since it is the most electronegative element, therefore it 
cannot exhibit any positive oxidation state. The reaction 
of fluorine takes place as follows: 


© -1 +2 -2 
d. 2F,(g) + 20H (aq) —> 2F(g) + OF; (g) + H,0() 


F, in reaction (d) will react with H,O to produce some 
oxygen also. 
Some more examples of disproportionation reactions: 
+3 -1 
e. 2e +ClO° —— CE? (reduction) 
(Hypochlorite ion) 


+1 +5 
CIO? ——> CIO? + 4e? (oxidation) 


3ClO? —» 2CI? + CIO? 
*3 -l 


f. 4e” + CIO? ——> CE? (reduction) 
(Chlorite ion) 


+3 +5 
CIO? —> Cl0,°+ 2e (oxidation) 
3C10,° —> 2C10,° + CIE 


Å— — — — — — n! 
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+5 al 
g. 6e + CIO? —> CI” (reduction) 
(Chlorate ion) 
+5 +7 
Clo, — ClO,°+ 2e (oxidation) 


oe 
4CIO,? — Cl,° + 3C10,° 


ee 


h. Reactions of Cl,, Br», or L in hot and concentrated 
alkaline medium. 
0 =l l 
Ch(g) —> CI“ (aq) (reduction) 
+5 


0 
Cl: (g8) —— CIO? (aq) (oxidation) 
Net equation: 
NM S Hot 
6Cl2(g) + 120H(aq) c 


-l +5 
10CT (aq) + 2CIOz (aq) + 6H20(1) 


(Chlorate ion) 


Similarly the reaction of Br, and I, in hot alkaline 
medium. 


0 eo 
6Br2(g) + 120H(aq) 4 


-l1 +5 
10Br°(aq) + 2BrO3 (aq) + 6H20(1) 


(Bromate ion) 


: e Hot 
612(g) + 120H(aq) = 


-1 +5 
101° (aq) + 2103-(aq) + 6H20(1) 
(Iodate ion) 

i. Ortho phosphorous acid (or phosphorous acid) on 
heating disproportionates to give orthophosphoric acid 
(or phosphoric acid) and phosphine. 

4H,PO, —> 3H,PO, + PH, 

j. Many copper (I) compounds are unstable in aqueous 

solution and undergo disproportionation. 

2Cu'(ag) —> Cu**(aq) + Cu 
The higher stability of Cu?*(aq) than Cu*(aq) is due to 
the much more negative A, H^ of Cu% (aq) than that of 
Cu’, which compensates the second ionisation enthalpy 
of Cu. 

k. The dark green K,MnO, (potassium manganate) 
disproportionates in a neutral or acidic solution to give 
KMnO, and MnO, (manganese dioxide). 
3K,MnO, + 4H* —— 2KMnO, + MnO, + 2H,O 
or 


+6 +7 , +6 
3MnOZ + 4H* —— 2Mn0,’+ MnO, +2H,0 


L CN,(cyanogen), 4 colourless poisonous gas, 
disproportionates in basic solution to give cyanide 
(CN?) and cyanate (CNO”) ions. 
C e " 
(CN), + 20H (aq) — CN(aq) + CNO” (aq) + H;O(l 
AUTOXIDATION OR INDUCED OXIDATION 
Phosphorous and certain metals such as Zn and Pb and turpentine 


and numerous other unsaturated compounds gs absorb OXI ESD 
from the air in presence of H,O, which is oxidised to H,O). This 


phenomenon of formation of H,O, by the oxidation of H,O is 
known as autoxidation. The substance (e.g., P, Zn, or turpentine) 
which activates the O, 1s called activator. The activator first 
combines with O, to form an addition compound, which acts as 
an autoxidator and reacts with H,O or some other acceptor so as 
to oxidise the latter. For example, 

Pb + 0, ——> PbO, 


(Activator) (Autoxidator) 


PbO, + H,O —> PbO + H,O, 
(Acceptor) 
The unsaturated compounds which act as activators take up 
O, molecule at the double bond to form unstable peroxide which 
then gives up the O, to H,O molecule or any other acceptor. For 
example, | 
CH3CH- CH, + O,—» CH3— a ie 


O——O 
2H,0 
CH3CH- CH2 + 2H202 
2KI + EO, — 2KOH +L 


The evolved HO, is reacted with KI solution which gives 
L. The evolution of L, from KI solution in presence of turpentine 
can be confirmed with starch solution which turns blue. 

The phenomenon of induced oxidation can also be explained. 
Na,SO, solution is oxidised by air but Na, AsO, is not oxidised 
by air. If mixture of both is taken, then both are oxidised by air. 
This is called induced oxidation. 


Na,SO, + O, —> NaSO; (moloxide) 
Na,8O; +Na,AsO, —> Na, AsO, + Na,SO, 
Na,SO, + Na, AsO, + O, —> Na AsO, + Na,SO, 
INTERMOLECULAR REDOX 


It is similar to redox in which one molecule is oxidised and other 
molecule is reduced. For example, 
Reduction 
[ y 
a. 5KI + KIO; + 6HClI —> 3L + 6KCI- 3H-20 
Lo 0^4 


Oxidation 
Reduction 


| «Y 
b. Fe + NH, —— NH; + Fe(OH)> 


Oxidation 
Reduction 


€. NO? + HS + H°+ H,O ——> NH, + Hs0? 


Oxidation 
INTRAMOLECULAR REDOX 


Oxidation 


7 +4 
a. 2Mn207 —> 4MnO, + 30, 


Reduction 


(00000 mm T ————É—— 


Classify the following redox reactions: 


5 -l 
, KClO; ——> 2KCl + 302 


Reduction 


b 


Oxidation 


3 60149 0 

c. (NHa) NO; —— N: + 2H20 
Reduction 

EQUIVALENT WEIGHT OF THE ELEMENT OR COMPOUND IN 
DISPROPORTIONATION REACTION 
Equivalent weight is the sum of the equivalent weights in oxidation 
and reduction reaction, i.e., (M/m + M/ ny), where M is the 
molecular mass of the compound and n and n,are the number 
of electrons in oxidation and reduction reactions, respectively. 

For example. the equivalent weight of P, in the dispropor- 
tionation reaction shown below is: 


P, +30H+3H,0 —> PH; + 3H,PO$ 


]2e€ + Py — 4PH, (reduction) 
4x =0 4x * 12-0 
4x= -12 
P; —. 4H.PO; 44€ (oxidation) 
4x-0 8+4x-16=-4 
4x=+4 l 
M 1x4 
Ew= ez 22 = E = ERA - (31 + 2 = 38.75 
4 12 4 12 3 


CONPROPORTIONATION REACTION 
Conproportionation reaction is the reverse of disproportionation 
reaction. For example, Br^ and BrO,^ in acidic medium undergoes 
oxidation and reduction respectively to give Br,. 
2Br° — Br, + ]x5 
12H + Joé +2BrO,° —> Br, + 6H,O 
2x-12=-2 2x=0 
2x=10 
10Br= + 2BrO,° + 12H® —> 6Br, + 6H,O 


or 
sBr^ + BrO,” + 6H® —> 3Br, + 3H,0 


Which of the following species do not show disproportionation 
reaction and why? 
Bro* (hypobromite ion), BrO,” (bromite ion), BrO,” (bromate 
ion), and BrO,“ (perbromate ion) 


Sol. BrO,” does not disproportionate because in this oxoanion, 
Br is present in its highest oxidation state, i.e., +7. The 
disproportionation for other three oxoanions of Br is as follows: 


+] Um 45 
3BrO? —— 2Br” + BrO,” 

+3 " hy 45 =j 
6BrO, ——À 4BrO4 + 2Br? 


+5 O +7 -] 
4BrO? —— 3Br O, + Br? 


a. N, (g) + O,(g) —_—» 2NO(g) 


l 
b. 2Pb(NO,),(8) — 2PbO(s) + 2NO;(g) + 3 O(g) 
c. NaH(s) H)O(l) —> NaOH(aq) + H,(g) 


d. 2NO,(g) + 20H (aq) —9 NO7 (aq) + NO; (aq) 


+ H5O(1) 


Combination redox reaction: N, and O, combines 
together to give NO (nitric oxide). 


b. Decomposition redox (nitric oxide): Pb(NO,), ( lead 


nitrate) breaks into three components. 


c. Displacement redox reaction: Hydrogen of H,O is 


displaced by H^ (hydride ion) into H, gas. 


d. Disproportionation redox reaction: NO, (+4 oxida-tion 


state) disproportionates into NO,~ (+3 oxidation state) 
and NO,° (+5 oxidation state). 


Why following two reactions proceed differently? 


Pb.O, + 8HCI —> 3PbCL + CL + AH,O 
and 
Pb,0, + 4HNO, — 2Pb(NO,), + PbO, + 2H,0 


GD Pb,O, is a mixed oxide of (PbO, + 2PbO). In PbO.. Po 
is in -4 oxidation state and the stable oxidation state of Pb 


in PbO is +2. PbO, thus acts as an oxidising agent (oxidant) 
and therefore can oxidise CI“ ion of HCI into CL. Moreover, 
PbO is a basic oxide. 
Thus, the reaction 
Pb,O, + 8HCI — 3PbCI, + Cl, + 4H,O 
is split into two reactions as follows: 
2PbO  4HCI —> 2PbCl, + 2H,O 

(acid base reaction) 
+4 -l +2 
PbO, +4HCl —> PbCI, + Cl. + 2H,0 

(redox reaction) 

Reaction between PbO, and HNO, does not occur since 
HNO, is itself an oxidising agent but the acid base reaction 
between PbO and HNO, occurs as follows: 
2PbO + 4HNO, —> 2Pb(NO,), + 2H,O 
PbO, is passive against HNO,. That is why the reaction 
proceeds differently with HCI. i 
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2.13 BALANCING OF REDOX REACTIONS 
For balancing of redox reactions, two methods are generally 
adopted: 

a. Oxidation number method 

b. Ion electron (half reaction) method 

c. Arbitrary coefficient method 


2.13.1 OXIDATION NUMBER METHOD 
a. Write two oxidation and reduction reactions separately, 
either by involving atoms or ions as such. 
b. Balance the atom whose oxidation number is changing. For 
example. 
CrO, —9 2C rt 


ox - 145-2 2x = 6 


c. Add proper number of e~’s to the side having higher 
oxidation number 


6e + Cr 0,7 —> 2Cr** (Reduction) 
d. Similarly balance oxidation half equation, e.g., 
C,0,- — 2C0,+ 2e 
2x-8-2-2 2x- 8-0 
2x —6 2x-8 


e. Now equalise the number of e~’s in both oxidation and 
reduction half equation by multiplying with proper number 
and add them, e.g., multiply Eq. (iv) by 3 and add Egs. (iii) 
and (iv) 

Cr,OZ- + 3C,07- —> 2CP* + 6CO, 
f. Now balance the charge on both sides by adding proper 


Li Li . . . © 
number of H® ions (in acidic medium) or OH ions (in basic 


medium). For example in Eq. (v), total charge on LHS is -8 
and total charge on RHS is +6. So add 14H® to LHS. 
[4H?--CrO^- + 3C,0,7 —> 2Cr** + 6CO, 
g. Balance the O atoms by adding proper number of H,O 
molecule to the side deficient of H atoms. For example add 
7H.O to RHS. 


14H? + Cr,0,* + 3Cr,0,7 —> 2Cr°* + 6CO, + 7H,O 


This is a balanced redox equation (check total charge and 
all atoms are balanced on both sides). 


2.13.2 ION ELECTRON (HALF REACTION) METHOD 


a. Balance both oxidation and reduction half equations 
completely in respect of charge and atoms. 
b. Balancing of reduction half equation. 
c. Balance the atom whose oxidation number is changing. For 
example, 
Of se acp" 
2x- 1472 2 2x 7 6 
2x = 12 


12-6=6e 


ee ne 
d. Add proper number of e^s to the side having highe | 
oxidation number 
6e + CO; —9 2Cr3* (Reduction) 
e. Balance O atoms by adding proper number of H,O molecule 
to the side deficient of O atoms., e.g., add 7H,O to RES in 


Eq. (iv) 


6e + Cr —9 2Cr?* + 7H,O 
f. Balance H atoms: 

i. In acidic medium: Add proper number of H? ions to the 
side deficient of H atoms e.g., add 14H? ions to LHS in 
Eq. (V) 

14H® + 6e + Cr,0,7 —> 2Ce* + 7H,0 

This is a balanced reduction half equation. (Check total 
charge and all atoms are balanced on both sides). 

ii. In basic medium: Add proper number of H,O molecules 
to the side deficient of H atoms and simultaneously add 


same number of OH ions to the other side. 

g. Proceeding in same way, balance oxidation half equation, 

e.g., 
C0, —> 2CO, + 2e 

h. Now equalise the number of e~’s in both oxidation and 
reduction half equation by multiplying with proper number 
and add them to get final redox equation e.g., multiply Eq. 
(vii) by 3 and add Eqs. (vi) and (vii). 
14H? + Cr,O- + 3C,0,7 —> 2Cr* + 6CO, + 7H,O 


Write the balanced ionic equation 


a. K,Cr,0, + Na,SO, > Cr3+ SO; (Acidic medium) 


o - 
b. MnO, (ag) + Bro (aq) > MnO,(s) + BrOy (aq) 


(Basic medium) 


e 
c. MnO, (aq) + I* (aq) — MnO,(s) + L(s) 


(Basic medium) 


Sol.) a. The skeletal ionic equation is: 
2- 2- E 
CrO; + SO; > CP « SO; 


; = 2- 
^v. ER 
2x- 142-2 x — 6 
2x = 12 


12—6-2 6e P 
(ii) Balance for O atoms by adding H,O 

i be + Cr,0,*> — 2Cr* + 7H O 
(i) Balance H atoms by 

lor acidic medium 
14H® + 6e + Cr. Oo 2 

i t,0, 
is à balanced half e 


adding proper number of HÓ ions 


-——  2Cr* + 7H,O 
quation 


(iv) Similarly balance other half equation 
SO; — SO; 
x-6=-2 x-8-2-2 
x=4 x=6 
T 6—4-2e i) 
SO? —> SOF + 2e 
(v) Balance for O atoms by adding proper number of H5O. 
H,O + SO} —> SO; + 2e 
(vi) Balance for H-atoms by adding proper number of H® 
ions for acidic medium. 
H,O + SO; —> SO; + 2H® + 2e 
It is a balanced half equation. 
(vii) Multiply Eq. (vi) by 3 and add Eq. (iii) to it. 
14H® + 6e + Cr O2 —> 2Cr** + 7H,0 
H,O + S01 —> SO; +2H® + 2e] x3 


bi MEL NEN CMM ET 
8H? + Cr,O7 + 3802 — 2 2Cr* + 380; + 4H,O 


It is a balanced equation. 

b. Proceed in same manner in part (a) above two equations are 

balanced. 

G) Mno? — MoO, 
x-8--1 x-4- 
: f x-4 
t 7—4-3e 1 
(ii) 32+ MnOF —> MnO, 

(iii) 32 + MnO? —> MnO, + 2H,O 

(iv) For balancing of H atoms in basic medium add proper 
number of H,O molecules to the side deficient of H 

o 
atoms and simultaneously add same number of OH 
to the other side 
o 
4H,O + 3e + MnO? > MnO, + 2H,0 + 40H 
(OR) 
o 

2H,0 +32 + MnO —> MnO, +40H —— 
It is a balanced half equation in basic medium. - 

(v) Similarly balance other half equation 


Br? — Broz 
x--1 x-6--1 
x-5 


1 5—-(-1)=6e 7 
(vi) Br? —> BrOf + 6e 
(vii) Balance O atoms: 
3H,0 + Br? —> BrOy + 6e 
(viii) Balance H atoms in basic medium. 
3H,O + Br? + 60H —> BrO? + 6H,O + 6e 
(OR) 
o 
Bi? + 60H —> BrOF + 3H,0 + 6e 
It is a balanced half equation. 


Redox Reaction 2.13 
(ix) Multiply Eq. (iv) by 2 and add Eq. (viii) 
em 
2H,0 + 32 + MnO —> MnO, + 40H] x 2 
Br? + 6e —> BrO} + 3H,O + 6e 
2Mn02 + Br? + H,O — 2MnO, + BrOj + 20H 
Retina. lisible penniless Dena Se 
It is a balanced equation. 
c. Proceeding in the same manner as in part (a) and (b) above. 
Two half equations are balanced in basic medium as below: 
(i) MnO! —> MnO, 
The balanced half equation as in part (b) is: 
2H,0 + 3e + MnO, 


MnO, + 40H 
(ii) Similarly balance the other half equation. 
21° —> L, + 2e 
Multiply Eq. (i) by 2 and Eq. (ii) by 3 and add them: 
4H,O + 62+ 2MnO —> 2MnO, + 80H 


6I? —> 3L, + 6e 


[am 
— 


61° + 2MnO? + 4H,0 —> 31, + 2MnO, + 80H 
Pees ES, Ga 
It is a balanced equation. 


2.13.3 COMPARISON OF ION ELECTRON AND 
OXIDATION NUMBER METHODS OF BALANCING 
EQUATIONS 

Both methods lead to correct form of the balanced equation. 

There are two advantages of ion-electron method: 
a. It differentiates those components of a system that react 
from those that do not. 
. For example, in the reaction 


ID, 4 MD; 2-9 


L9 Ə ® > +2 E 

Any MnO,°[ KMnO, + Na MnO, or Ca (MnO,).] orany 
strong acid ((H9),SO,?", H9CIO,* but not H9CI^) can be 
used. The use of complete formulas for neutral substances is 
helpful only for the calculation of mass relationship. Choose 
any permanganate, e.g., KMnO,, and weigh an amount of 
KMnO, which will give the correct weight of MnO,-. 

b. The half equations given by ion electron method can be 
made to occur independently, e.g., in electrochemical cell 
for producing an electrical potential. 


Some chemists prefer the ion electron method for redox 
reactions carried out in dilute aqueous solutions, where free 
ions have more or less independent existence. Whereas the 
oxidation number method for redox reaction is used mainly 
for the reactions between solid chemicals or for reactions 
carried out in concentrated acid medium. 


2.14 REDOX REACTIONS AS THE 
BASIS FOR TITRATIONS 


In acid-base titration, an acid is titrated against a base by using 
a suitable indicator, such as phenolphthalein or methyl orange 
to find the end point. The acid-base titration is used to know the 
exact amount of an acid or a base present in the given solution by 
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titrating it with the solution of standard base (or acid). A standard 
solution is that whose exact molarity or normality is known, which 
is determined by weighing the exact amount of the substance 
followed by making its solution. 

Similarly, redox titrations are used to determine the exact 
amount of an oxidising (or a reducing) agent in a given solution 
by titrating it with the standard solution of a suitable reducing 
agent (or the oxidising agent). 

These two types of titrations differ from each other based on 
the choice of indicators. 

Self-indicator: Acid-base indicators are not useful for redox 
titrations. In redox reactions, indicators are selected from one of the 
reagents which itself is coloured. for example, KMnO, or MnO,” 
acts as the se/f-indicator: 

In the titration of KMnO, vs Fe?* or CD ions, when 
whole of the reductant (Fe?* or CO?) is oxidised, the end point 
is obtained. At this point, the violet colour of MnO,° solution 
disappears and pink colour appears. The change in colour is very 
sensitive ions even at very low concentration of MnO 4° ions. 

Internal indicator: When there is no auto colour change 
(as with KMnO, titration), different indicators are used which 
are immediately oxidised after the last drop of reactant (Fe?* or 
C.O, reacts giving colour change. In the titration of Cr,0,” vs. 
Fe% orC 0 PE ions, K,Cr,O, is not a self indicator, so 196 solution 
of diphenyl amine and syrupy acid (H,PO,) is used. At the end 
point, there is change of colour from green (due to the formation 
of chromium sulphate, Cr,(SO,),) to blue-violet which persists 

.on shaking. 

External indicator: 0.1% solution of potassium ferri- 
cyanide, K,[Fe(CN),], acts as an external indicator in redox 
titration, e.g., K,Cr,O, vs. Fe? or CjO 4. ions. Freshly prepared 
potassium ferricyanide solution is used since the old sample of it 
is contaminated with potassium ferrocyanide, K,[Fe(CN),]. 

As the reaction proceeds, a strong blue colour is developed 
due to the formation of ferro-ferricyanide complex. 

[Fe (CN) J- + 3Fe?* — Fe,”*[Fe**(CN),], 

This blue colour can also be developed inside the reaction 
beaker but as the solution becomes green due to the formation 
of Cr,(SO,),, the exact point of the appearance of blue colour is 
obscured. To avoid it, the indicator is used externally. The drop of 
indicator is placed on white tile and from time to time during the 
titration of K,Cr,O, with Fe? or C,O,” ions, a drop of solution 
from the titration flask is taken out and added to the indicator. 

As the titration proceeds, the blue colour becomes fainter. 
When a drop of solution produces no change in the colour of 

the indicator's drop, this becomes the end point, i.e., oxidation 
of Fe?” to Fe?” has completed. At the end point, the colour of 
the indicator's drop becomes /ight brownish yellow due to the 
reaction of indicator with Fe?^* ions to produce brown coloured 
ferri-ferricyanide complex. . 

FeÓ5 + [Fe3*(CN),]° c Pet Fe" (CN), T 

(Brown coloured) 

Starch indicator: The usc of this indicator 1s, however, 

limited to only those reagents which can either oxidise l' ions 

such as Cu*? ions or reduce I, such as thiosulphate (S,O,” ) ions. 
2Cu*?(aq) + 41°(aq) —> Cul; (5) + b(s) 

L(s) + 28,0,” (aq) > 2I-(ad)- SO (aq) 

Tetrathionate ion 


n 

When I° ions are oxidised to I,, intense blue colour appea, 

at the end point. When I, is reduced to I^? ions, the blue colo 
disappears at the end point. 

Note: I, is insoluble in H,O, but easily soluble in KI solution. 

due to the formation of KI, (I, + KI > KL). | 


lodimetry: Estimation of reducing substance by the use M 
standard L, is called Iodimetry. 
I, + S,0,7- — $0," 21 
(Tetrathionate ion) 
lodometry: Estimation of oxidising substance involving thy | 
liberation of L, and subsequent volumetric estimation of L is called 


Iodometry. 
a. 2Cu2* + 41° —> 2Cul + I, 


b. 2Cul, —À Cu,I, + L 


c. 25,0," th= 2I? + S,0," ] | Ew of SD" T 


2.15 BALANCING OF H,O, AS 
OXIDANT AND REDUCTANT IN 
ACIDIC AND BASIC MEDIUM 


H,O, acts both as oxidant (oxidising agent), i.e., undergoes 
reduction to give H,O, and as reductant ( reducing agent). ie. 
undergoes oxidation to give O, in both acidic and basic medium 
as below: 

a. H,O, undergoes reduction and acts as oxidant in acidic 


medium. 
2H® +2e-+H,O, —— 2H,O 
2+2x=0 4+2x=0 
2x 2-2 2x — 4 
D$ aq Aa oe 


b. H,O, undergoes reduction and acts as oxidant in basic 
medium. 


2440 «2e + H,O, —> 240 «20H 
or 


H,O, + 2e —> 20H 
c. H,O, undergoes oxidation and acts as reductant in acid 


medium. 
H,O, —> O, + 2e + 2H® 
2 T 2x = 0 2x = 0 
2x = —2 


d. H,O, undergoes oxidation and acts as reductant in basie 
medium. 


i5 M. Le ome Vi ui! 
ILLU TR in 


Balance the following reaction by oxidation number and 102 
electron method: 


KMnO, + H,SO, + K,C,0, —> MnSO, + CO, + K,S0, | 
|! Sol, ) Oxidation number method: | 


ian the steps given below to balance the reaction give" 
above. | 


p 


xidation state to the atoms that are oxidised or reduced. 


Assign 0 
Note that oxidation state of O, K, H, and S is same on both sides. 


+7 +3 +2 +4 
KMnO; + HSO; + K,C,0, —— MnSO, + CO; 


Make ionic equation: 
MnO; TÉ O —> Mn? + CO, 


write two half equations and balance as follows: 
a 5ē+Mn0p ——> Mn” 
x-8=-l x-2 
x=7 : 


p 1-255 4 


Add Se to the side of higher O.N. i.e. to the left 


5, 0, —>  2C0,+2e 
x-8-- 2x-8-0 
x-6 2x28 


8 —6=2e i 


(i) First balance the C atom whose O.N. is changing 


(ii) Add proper number of electrons to the R.H.S. 
(higher O.N.) 


c. Add two half equations after multiplying (a) by 2 and (b) by 
5 in order that electrons from both sides cancel each other 


2MnOS + 5C,0; —> 2Mn?* + 10CO, 
d. Balance the charge by adding proper number of g H® ions 


in acidic medium 
| Charge on L.H.S. Charge on R.H.S. 
| 2-22 +4 


So add 16H® to L.H.S. to equalise charge on both sides 
16H® + 2MnO? + 5C,0; —> 2Mn** + 10CO, 
e. Balance O atoms by adding H,O molecules to the side 


dificient of O atom. 
O atoms on O atoms on 
L.H.S. = 28 R.H.S. = 20 
H? ; o 2- 2+ : 
16H* + 2MnO, + 5C,0, — 2Mn** + 10CO, + 8H,O (1) 


Add 8 H,O molecules to LES. 
f. Balance H atoms by adding proper number of H® ion 
(in acidic medium) and OH ions in basic medium. 


Here H atoms are automatically balanced. Equation (i) is 
balanced in terms of charge, number of O and H atoms. 


g. Now add other ions to both sides 


12K® IDE" 
LHS. H.S. 
8S0% 8S0; 


h. The final balance equation is: 
2K* + 2MnO® + 10K® + 5C,0, * 880, + 16H® 
l 


2Mn®* +2802" + 10CO, + 12K” + 680% + 8H,O 


2KMn0O, + 5K,C,0, + 8H,SO, 
J 
2MnSO, + 10CO, + 6K,SO, + 8H,0 


Note: Make a final check by counting O atoms on both sides. 


lon electron method: 


First write the given equation in ionic form 


having ions with central atom (which has undergone a change in 


oxidation state). 
MnO,? + C,0,2—> Mn” + CO, 
Note that O and H atoms attached to the central atom (shown 
in underlined) have to be retained. 
Now, write the oxidation and reduction half reactions and 
balance them as shown: 
Reduction: 
MnO,” + C07 —» Mi 
a. First, make sure that the element undergone the change in 
oxidation state is balanced. 
b. Balance O atoms by adding 4H,O on RHS. 
MnO,° — Mn?* + 4H,O 
c. Now, RHS has excess of 8H atoms. Add 8H? on LHS. Note, 
the medium is acidic due to the presence of H,SO,. 
2MnO,? + 8H® —> 2Mn”* + 4H,O 
d. Now O and H are balanced. Balance the charge on both 
sides. 
On LHS: Charge is 1 x (C1) + 8 x (+1) =+7 
On RHS: Charge is 1 x (+2) + 4 x (0) =+2 
Add 5e in LHS (Note: each e` is equivalent to a charge 
of -1) 
Mn0O,° + 8H® + 5e —> Mn” + 4H,O (1) 
Oxidation: 
C,0,7, —> CO, 
Following the same procedure as above, we have: 
Balance C atoms: C,0,7 —9 2C0, 
. Balance O atoms: Already balanced 
Balance H atoms: No H atom 
: C,0,7°— 2CO, + 2e ...(1D 
Multiply Eq. (i) by 2 and Eq. (ii) by 5 to balance the 
electrons transfer and add to get 
2MnO,° + $60 16H® —o 2Mn** + 10CO, 


ao so Pp 


e. Now add other ions to both sides 


j2g DES 
L.H.S. . R.H.S. . 
8SO; 8SOT 


f. The final balance equation is: 
2K9 + 2MnO? + LOK® + 5C,0; + 880; + 16H? 


2Mn?' + 2802. + 10CO, + 12K“ + 650; + 8H,0 
2KMnO, + 5K,C,O, + 8H,SO, 


l 
2MnSO, + 10CO, + 6K,SO, + 8H,0 


Note: Ion electron method is more important 
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Balance the following reaction by oxidation n 
Gop cet +10,° 

(in alkaline or basic ! 
on 


umber method: 


nedium) 


WU Proceeding on the pattern of last illustrati 
a. 32 + cio? — CP] x? 

1° —> IO + 6e 
2603 +P 2Cr 
ven reaction is ionic, so first of all, the charge 
g OH ions 


* 4 IO 


Note that gi 
needs to be balanced. Balance charge by addin 


(in basic medium). 
A charge of -5 on the left an 


add 100H ions to the right side o 


© 
) 2Cr0,> + 18 —9 2Cr" + 10,° + 100H 
Finally add SH,O molecules on the left to balance H and O 


and get the balanced equation. 
© 
2Cr0,7- + I + 5H,0 — 2Cr* +10,° + 100H 
) Complete and balance the following in acidic medium: 
Ag® + AsH, —> H,AsO, 


d +5 on the right side means 


f the equation. 


on E Mm 
E Ac® +AsH, — H,As0, 

~3 3 
—— H,AsO, (oxidation) 


a. AsH; 
x+3=0 3+x-6=0 


b. Ag®?—>Ag* x=? 
Clearly, (b) must be a reduction, so x must be 0, as x cannot 
be negative for Ag (silver being metal). 


a. AsH, —> H, AsO, + 6e 
b. Ag? + 1e —> Ag] x 6 
AsH, + 6Ag?—> 6Ag*+ H, AsO, 
Now balance charge by adding 6H® on ri 
g 6H’ onr j 
O ight side and finally 
AsH, + 6Ag® + 3H ,O—> 6Ag + H,AsO, + 6H® 


Balance the following reaction in acidic medium 
CuS + NO," —— Cu” + 8$, + NO 


HUE don electron method) 


iss^ — S,*16e TN 
8x = -16 Rx = 0 ation) 
ii. 34 +NO,° | —3 NO (Redüctig 


b dz 
$2538 
iji Balance O atoms in Eq. (ii) by adding 2H,0 i 


RHS 
3e + NO,° — > NO + 2H,O 


iv, Balance H atoms in Eq. (iii) by adding 4H? ions to Lis 
Ano + 3e- + NO 9 —? NO + 2E;O 
(i) by 3 and Eq. (iv) by 16 and add them 
j48?- —> 38, + Ade 
o ——2 16NO + 32H,0 


64H® + Abe” + 16NO; 
o —— 38, + 16NO + 32H9 


745% + 64H® + 16NO; 
Add 24Cu?* to both sides. 


vi, 24CuS + 64H® + 16NO,° —> 24Cu** + 38, 


v. Multiply Eq. 


Equation (vi) is the net redox equation. 


alance the following by ion electron method in basic medium, 


B 


NO;? + Zn — Zn^ + NH,? 


19 Two half reactions are 
a. NO,9—o NH;? 

Ziüi--—-Zn^ 

+5 -3 

a. 8e + NO? —> NH? 
Balance O atom by adding 3H,O to R.H.S. and fur 
balancing H atoms in basic medium add 10 H,O t 
L.H.S. and add 10OH ions to R.H.S. net equation is 


NO,° + 8e- + 7H,O—> NH4? + 100H 
b. Zn —> Zn?* + 2e- 


Now overall reaction is 


4Zn + NO,° , = 
3° + TH0—o 4Zn?* + NH,® + 100H 


Balance th i i 
e following by ion electron method (acidic medium): | 
M 2+ fr | 
; n" *$S,0,7 —, MnO,? + HSO,? 
| Sol!’ Wo half reactions are À 


a, 2+ 
Mn i — MnO, ) 


B 
alancing these two half re 


Mm?! actions: 


+ 4H,0 —, | 
a 4 2 MnO Oy =- 
S0, — HSO,^ , 3e + 8H® 
S,0,7 + 2H® + 2e- 
Addin 

E the tw 
equation. "e 


5S 20,7 


—— 2HSO,9 


uati 


+ 8H 
20 —> 2MnO, + 6H® 


+ 10890 


palance the following by ion electron method in acidic medium. 
a 


CIo,9 * 5 — [0.9 CIP 
(Gol. Two half reactions are 

4, Clo CI? 
Balancing them separately: 
CIO. => CI9 
CD 6H9 —> CI? + 3H,0 
C10,° + 6e- 6H9 —À CI + 3H,0] x 5 

b L= 10,9 
1, + 6H,0 —9 210,° + 12H? 
L +6H,O— 210,°+ 10e + 12H®] x 3 
Balance electrons in two half reactions, and adding we 
get: 
5CIO,? + 31, + 3H;0 — SCI? + 610,° + 6H® 


Which of the following are examples of disproportionation 
reactions? 


® 
a. Ag(NH,),° + 2H® —> Ag? + 2NH, 


b. Cl, + 20H —> CIO? + CI? +H,0 
c. CaCO, —> CaO + CO, 
d. 2Hg0 —> 2Hg +0, 
e. CuO + 2H® — Cu + Cv + H,O 
Las HO; —» Cut SO, 
g. 2HCuC1, + dilute with H,O —> Cu + Cu?* 
+ 4CI? + 2H® 
h.2H,O, — 2H,0 + O, 


Sa. A reaction in which same atom is oxidised and reduced at 
the same time is called as a disproportionation reaction. (b), 
(e). (g), and (h) are disproportionation reactions. 


Balance the following by ion electron method (basic medium): 
Cr(OH), + 10,° —> Je + CrO 7 
Bo- Two half reactions are: 
a. Cr(OH), — CrO,” 
b. 10,9°—> I? 


a Cr(OH, —> C07 *3e 


33890 x-8=-2 
x=3 x=6 
fi 6-3=3e ^4 


Balance O atoms by adding one H,O to L.H.S. For 
balancing H atoms in basic medium add 5H,O to R.H.S. 
and 5OH to L.H.S. Net equation (a) is: 


Q 
Cr(OH); + 50H —> CrO? + 4H,0 + 3e 


Redox Reaction ^*^^ 


ash. Je 


b. 6e- + 107 
x-6=-l x=-l 
x-5 


f 5-(-l)=6e 1 
Balance O atoms by adding 3H,O to R.H.S. for 
balancing H-atoms in basic medium add 6H,0 to L.H.S. 


and 6OH to R.H.S. Net equation (b) is: 
109 + 3,0 6e — T^ + 60H 
Balancing the charge: 
a. Cr(OH), + 50H —) cro,’ + 4H,O + 3e 
b. 10,° + 3H,0 + 6¢ —? j° + 60H 
Adding (a) and (b), we get 
2Cr(OH), + 10,° + 40H — ICO eit 5H,O 


H,SO, acts as an oxidising agent, a dehydrating agent, and an 
acid. Among each of the following reactions, which behaviour 
is shown by H,SO,? 


a. C,H, 59, t H,SO,(conc) —+6C + 61,0 
b. 5H,SO,(conc) + 4Zn — H,S * 4Zn* + 4S0,- 
+ 4H,O 
c. H,SO,(dil) + Zn — Zn^ +E so, 
d. H,SO, (dil) ZaCO, —9 Zn** + CO, + SO, + H0 


a. Asa dehydrating agent, since it simply removes water 
from glucose. 

b. H,SO, (S in +6 state) —> H,S (S in -2 state), i.e., acid 
is reduced. So it acts as an oxidising agent. 

c. All strong acids liberate H, with active metals such as 
Zn (i.e., it is reduced) unless SO,> is reduced. In this 
case, H® is reduced to H,. So it acts as an oxidising 
agent. We can also call it as an acidic property. 


d. Simply an acid. 


Balance the following reaction by ion electron method (acidic 
medium): 


As,S, + NO,° —> S + NO, + AsO 


ISO) This is a very special case of redox reaction. 


Note that the given reaction involves two oxidations and 
one reduction. 


a. Two oxidation half reactions are 

i. As — AsO,* 

ii, S% —> S 

First balancing these two half reductions: 

i. 2As** + 8H,O —> 2AsO,- + 16H9 + 4e- 
ii, 3S% — 3S + 6e 
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Now add the two equations to get 
2As* + 3S% + 8H,0 —> 2A80,° + 38 + 16H® 


+ 10e ...(i) 


b. Reduction half reaction: NO,^ —> NO, 


Now balance the reduction half reaction and proceed as 


usual. 
NO,° + 2H® + le —9 NO, * H,O ...(ii) 
Adding the two reactions (i) and (ii), we get 
As,S, + 10NO,° + 4H9 —> 2As0,* + 10 NO, 
+ 3S +2H,O 


Note: In the above type of cases, take total change in oxidation 
number (increase or decrease) for cross multiplication while 
adding oxidation and reduction half reactions. For example, in 
the given case, 10 clectrons are lost per mole of As,S,. 


For the reaction 
3Br, + GOH? —— 5Br° + BrO,° + 3H,O 
Equivalent weight of Br, (molecular weight M) is 


M M M M ) M 
baias + "E rm 
b. C. | 2 10 d. 6 


a. — 
2 10 
c. Br, disproportionates (simultaneous oxidation and 
reduction), its equivalent wei ght is the sum of equivalent 
weights of the two half reactions. 


2e B = 2Br^ (x = 2) (reduction) 


Br, ——* 2BrO,° + 10e (‘n’ = 10) (oxidation) 


2x =0 2x - 12722 
2x = 10 
E M , M_(80%2 , 80%? |- os 
U 2 10 2 10 


P, + 3OH + 3H,0—> 3H,PO,” + PH, 
Equivalent weight of P, is 


M M 
— b. — 
v. d 12 
(M M) d [24%] 
&| 4 12) 2 é 


c. Disproportionation reaction 
4 Ae (m = 4) (oxidation) 


p 4H,PO, 
g+4x-16=-4 


4x =0 
4x=4 
pe +P > 4PH, (n= 12) (reduction) 
4x = 0 4x* 12-0 
4x--12 
M LM (3005, 2777 = 41.33 


3KCIO, + 3H,SO, —9 3KHSO, + HCIO, + 2CIO, + H,0 


Equivalent weight of KCIO, is 
M M 
a. ri b. 5 
M M M 
. M+— d (a 4 x) 
' í 2 | 4 2 
c. Disproportionation reaction 
cio," CIO,? + 2e (‘n = 2) (oxidation) 
x-6-7-1 x-8--l 
x=5 x=7 
e +Cclo,-—> CIO, (n= 1) (reduction) 
x=5 x-4=0 
x=4 
Ew= M+ A 


CuS + MnO,^ — Cu2* + Mn” + SO, 
The equivalent weight of Cu, is 
M M M 

8 


ae pm 
2 6 


als 


a. 


c. Both Cu!* and S% in Cu,S undergo oxidation. 
Cu, 2Cu2* + 2e (‘n = 2) (oxidation) 


2x =2 2x =4 
S7 — SO, +6e (‘n =6) (oxidation) 
x=-2 4= 
=4 


As,S, + 7NaCIO, + 12NaOH —> 2Na,AsO, + 7NaCIÓ 
+ 3Na,SO, + 6H,0 
The equivalent weight of As,S, is 


M 
eda S M 
a. 24 b. M C. ? 


032 a) x 
d. Both As,'**? and S, ^" undergo oxidation. 


, 43x2 
As, "^ —  2AsO,! + 4e (oxidation) 
2x = +6 2x — 16 =-6 

2x = 10 


S, 253 5 : 
3^ —9 3S0, *24e- (oxidation) 


usb 3x -24 7-6 
3x = 18 
Total € = 24 4 4 - 28 
M 
Ew= 28 


The equivalent weight of HNO, (molecular weight = 63) in the 


following reaction 1S 
3Cu+ 8HNO, — 3Cu(NO,), + 2NO + 4H,O 
63 
AO. 4. 22 63 " 63 


a. TO a * C. 


3 5 3 8 


d. In this case only 2 mol of NO,° undergo reduction. 
ze + NO? — NO (‘m = 3) (reduction) 
x-6=-l x-2=0 
x=5 x=2 
6 mol of HNO, are not changing so 6NO,° are added in 
the reaction to get 3 mol of Cu(N O4)». 
M AM 4x6 


nSEw—-Mt—- 
3 3 3 


The equivalent weight of H,SO, in the following reaction is 
Na,Cr,0, + 380, + ESO; 3Na,SO, + Cr((SO,), 
+H,O 


98 98 98 
. 98 TE E E 
a b 6 c d 8 


2 
c In this reaction, 6 mol of e are involved with 


1 mol of H,SO 4 in this redox reaction. H,SO 4 acts here 
as acidic medium (‘n’ = 2), (2H®). 


So, Ew of H,SO, = “> = = 49 


The equivalent weight of potash alum 
(K,S0,-Al,(SO,);24H,0) is 


a. M b. 


b. Potash alum is a double salt. 
Total +ve charge = Total —ve charge 
K,*S80,2--Al,*(SO,); ??24H)0 
Total +ve charge = 8 


eix 


M 
6 


o |x 


C. 


Total -ve charge = 8 
8 
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ONCEPT APPLICATION EXERCISE 2.2 


Subjective Type 


1. Indicate the species which are oxidised and reduced in the 


following reactions: 

a, CNS+0CP— N, + HCO,° + cle 
b. C,H,OH + Oe d CO, + H,O + O, 
e. 19+0,— 0;* L 

d. $02 + Cb —— HS0,7* CI? 

e C + ZnO — Zn + CO 


. What is the oxidation state of Cl in 


a. CrO,Cl, b. HCIO, 
c. Ba(ClOj, - d. CLO; 


. Balance the following half-reactions in acidic medium: 


a. 10,°(aq) —9 1, (ag) 
b. NO,°(aq) —> NO;(8) 
e. VO?(aq) —> V?'(aq) 


. Write balanced redox reactions for each of the following 


reactions: 


a. Potassium dichromate (K5Cr,O;) reacts with hydroiodic 
acid (HI) to produce potassium iodide, chromium (III) 
iodide, and solid iodine, L(s). 

b. Apurple solution of aqueous potassium permanganate 
(KMnO,) reacts with aqueous sodium sulphite 
(Na,SO,) in basic solution to yield the green manganate 
ion (MnO,-) and sulphate ion (SO). 

c. Sn2*(aq) reduces IO, (aq) to I* (aq) and is oxidised to 
Si’. 

d. H,O,(aq) oxidises Mn?*(aq) to MnO, in basic medium. 

e. H,O,(aq) reduces CELO. (aq) to green coloured C p 
(aq) in acidic medium. 


. Balance the following chemical reactions (by ion electron 


method) 
a. CHOH + MnO,° —> CH,COO® + MnO, 


+H,0 + OH 
o 
b. [Fe(CN)]- * NH, + OH —> [Fe(CN) I +N, 
- HO 
c. CNO + MnO,? + HO —À MnO, + CNO°+ OH 
d. CuO * NH, — Cu +N, + H,O 
e. HI- HNO, — I, + NO + H,O 
f. Hj$- 80, — S * HO 


. Write balanced ionic half equations (oxidation and 


reduction) for each of the following reactions: 

a. Mn**(aq) —> MnO,(s) + Mn?*(aq) 

b. Mn(s) + NO,°(aq) —> Mn**(aq) + NO,(g) 
c. H,O,(aq) + Fe?*(aq) —> Fe?*(aq) + H,O(1) 
d. Te(s) + NO,°(aq) —> TeO,(s) + NO(g) 
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7. Balance the following half reactions in basic medium: 


a. CrO (aq) —9 Cr(OH), (ag) 
b. CIO (aq) —9 CI (aq) 
c. Bi'"(aq)—— BiO, (aq) 
$. Write balanced net ionic equations for the following 


reactions in basic solution: 
a. H,O,(aq) + CIO, (aq) — CIO, (aq) + O,(g) 
b. Fe(OH),(s) + CrO, (aq) —7 
Fe(OH),(s) + Cr(OH), (aq) 
c. Cu(OH), (s) + N,H,(aq) — Cu(s) + N,(8) 
d. MnO,“ + 10," (aq) —> MnO.(s) + IO, (aq) 


. Balance the followi ing equations: 


a. HO. - H8» Fe” — H,O + Fe** 
b. IBr + BrO,° + HO —29 10,° + Br? + H? 
c. F +10,°+H®—> HO +1, 


d. 0,°+H,O—> OH +0, 
— ion) 
e. HS? - HS0,^ —9 $,0;" * HO 
f. P,-H? + NO, (dil) + HO —> H,PO,° * NO 
g. As-S, + Mn0,° +H® —> H,AsO, + Mn” + S 


= 


h. Cri, + H,O, + OH —9 CIO? +10,°+H,0 
i FeS, + H,O + O, — Fe(OH), + S: 


j- IO. Z4 HSO,* —" JE + H® " SO; 
k. Fe^ +NH,OH —> Fe” + NJO* H* 
Objective Type 


16. For the redox reaction: 


14. 


CrO- =+ HÊ + Ni — Cr” + Ni! +H,O 
The correct coefficients of the reactants for the balanced 
reaction are: 


CnO; Ni HÊ 


(1) ] 3 14 
(2) 3 3 12 
(3) 2 3 14 
(4) J ] 16 


. SO, under atmospheric condition changes to SO? . If 


oxidation number of S in SO? ^ is +6, what is the TN of 
xin SO ^7? 


(1)2 (2)1 (3)3 (44 


. Which of the following can act as an oxidising agent as 


well as a reducing agent? 
I. H,O, HH. HS 
(1)LILIHE = (2) ILHEIV 


HI. SO, IV. HNO, 
(3) LHIIV. (4) All 


. Sulphur has highest oxidation state in 


(1) SO, (2) H,SO, 
(3) Na,S,9, (4) Na,S,O, 
The number of electrons involved in the reduction of nitrate 
(NO,*) to hydrazine (N;H,) is 
(1)8 (2) 7 


(3)3 (4) 5 


15. Oxidation number of P in Ba(H5PO,); is 
(AZ (2) +3 (3) +1 


(1) CO 20H —9 2CrO2 + H,O 


(2) cro?-+ 2H° —9 CrO; + HO 
(3008000, 2] 9 Ca?* + H,O + CO, 
(4) CuO + 2H? — Cut Cut + HO 
17. In balancing the half reaction 

CN? ——> CNO® (skeletal) 

The number of electrons that must be added is 
(2) 0 
(4) 2 on the right 


(1) 1 on the right 
(3) 1 on the left 


(1) H,AsO, —> HAsO,” 
(2) BrO,? —> BrO” 

(3) Cro,” —> C507 
(4) Al(OH), —» [AKOH)J* 


ANSWER KEYS 


Subjective Type 

1. Refer to solutions. 

2. a. -1, b. +7, c. 5, d. +7 

Refer to solutions for Q. 3 to 9. 

Objective Type 
10. (1) 
14. (2) 
18. (2) 


[ 
| 
I 
I 
| 
— — 


11. (1) 
15. (3) 


12. (3) 
16. (4) 


13. (2) 
17. (4) 


Solved Examples 


(4) -1 


16. Which of the following is a disproportionation reaction, 


18. Which of the following changes requires a reducing agent) 


Calculate the number of moles of Cu and HNO, to give | NO and 


NO, in the (2:1) molar ratio. 


a, Cu —9 Cu™ + 22°) x 3 
4H? + 3e + NO, > NO + 2H,O] x 2 
3Cu + 8H® + 2NO, —, 3Cu* + + 2NO + 4H,O 
- ) 
| or i 
3Cu | SHINO (dil) —> 3Cu(NO,), + 4H,O 
b. 7 | 


Cu —> Cu?* + 2e? 
2H + e° + NO,7 — NO, + H,O] x 2 
Cu + 4H® + 2NO,° —> Cu? + 2NO, +2H,0 
Cu * 4H" * 2N0,7 —> Cut? + 2NO, £ 2H,0 


Pb 


mU 


Or 
Cu + 4HNO,(conc) —9 Cu(NO,), + 2NO, + 4H,0 
(ii) 
To get NO and NO, in the molar ratio of 2:1, multiply 
Eq. (i) by 2 and then add Eqs. (i) and (ii), to get 
ICu + 20HNO, —> 7Cu(NO,), + 4NO + 4NO, + 10H,0 
Hence, number of moles of Cu = 7 


Number of moles of HNO, = 20 


GEER s o sso NUR 


palance the following equations: 


a. BaCrO,* KI + HCl——> BaCl, + I, + KCl 


| + CrCl, + HO 
p. SO, +Na,CrO, + H550, —9 Na,SO, + Cr,(SO,), 
+H,O 

c CHOH +1, + OH —> CHI, + HCO,9 

+ H,O + I? (Basic) 
d. As,S, + HNO, —> H,AsO, + H,SO, + NO 
-— + HC,0,?—2 CO,” + CI? (Acidic) 
f HgS+HCl+HNO,—> H,HgCl, + NO + S + H,O 
g. Mn,0, —> MnO, +0, 


a. First write the equation in ionic form as shown below: 
CrO, + 1% H® — Cr^ +h 
ery vee, 


Ion electron method 


L 3e -CrO4 — Cr” 
x-8--2 x73 
x= 


163-3] 


ii Balance O atom by adding H,O to RHS and then 
balance H atom by adding H® ions (acidic medium) 
to LHS. 


3e- + 8H? + CrO,- —> Cr + 4H,0 (1) 
Similarly, balance I^ to L. 
21° —> L + 2e (il) 
iii. Multiply Eq. (i) by 2 and Eq. (ii) by 3. 
+ 16H® +2Cr0,2 —> 2Cr** + 8H,0 

Now add other ions to both sides. 

2Ba?* 2Ba^ 
LHS | 6K* RHS| 6K* 

16C1® 16C1° 


Redox Reaction 2.21 


Net equation is 
2BaCrO, + 6KI + 16 HCI —> 2CrCl, + 3L, 
+ 2BaCl, + 6KCI + 8H;O 


b. First write the equation in ionic form as shown below: 


S0, + CrOZ- + H® — Cr” + so, 
eee 


Ion electron method: (As in (a)) 


16H9 + 6e° + 2CrO47- —— 2Cr^ + 8HLO (i) 
SO, *2H,0 —> S0} + 2e «4H^ ..ii) 
x-4=0 xe85-2 
x=4 x=6 
6-4-2e 


Multiply Eq. (ii) by 3 and add Eqs. (1) and (ii) 
16H9 + 66 +2Cr0,2 > 2Cr** + 8H,O 
380, + 6H,O > 350,7 + Se + 12H® 
“GH® +380, + 2CrO,2-> 2CP" +350, -2H,0 | 


It is a balanced redox equation. 


Now add other ions to both sides. 


4Na? 4Na° 
LHS RHS , 
28047 2804 


Net equation is: 
2H,SO, + 3S0, + ZNaCrO,7 7] 
Cr,(SO,); + 2Na,SO, + 2H.0 


c. In this reaction, C)H,OH is changing to CHI, 
+2+1 -1x 


3 
(ie. CH I, )and HCOO* ion. 
CHOH —> CH" + HCOO* 
e459 pep xobi€3 l+x-—4=1 
2x 2 -4 xe y=? 


| 4- (A= se li 
-CHOH —> CH +HCOO™ + 8e 
Balance O and H in basic medium. 
Balancing of O atom by adding H,O to LHS 
CHOH + H,O—> CH* + HCOO* + 8e 
Balancing of H atom by adding 6H,O to RHS and 


simultaneously add 6OH to LHS 


C,H,OH + H,O + 60H —1 
CH** + HCOO? + 6H,0 «8e. ...(i) 


It is a balanced equation. Similarly, balance the reduction 
reaction. 
2e +I, — 21° ...(i1) 
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Multiply Eq. (ii) by 4 and add Eqs. (i) and (ii) 


C,H,OH + H4O + 60H —]1 
CH'* + HCOO + 6H,0 + 8e 


8e® + 41, — 8I? 


C.H,OH + 60H + 41, — CH? + HCOO® + 
5H,O+ 81° 


CH?* is combined with 31° to form CHI. 


So net balanced equation is: 
HN Nub OMM MEE EM 
C.H.OH + 60H + 4I, > CHI, + HCOO® + 51° + 5H;O 
ghas 2 3 


4+3x2 -2x3 
d. Here. As,S, lis, As, S | is split into two parts As,°* 
and S,“ in which Asi is oxidised to H,AsO, and S, 6- 


is also oxidised to S0, - (i.e., H,SO,) 
As," — H,AsO, 
i Balance As atom by multiplying RHS by 2 and then 
add proper number of electrons. 
As —> 2H3AsO, + 4e 
2x =6 6+ 2x-16=0 
2x = 10 


| 10 — 6 = 4e | 


ii. Balance O and H atoms. 

8H,O + As,* —> 2H, AsO, + 4e- + 10H® ... (i) 
iii. Similarly, balance S, to H,SO,. 

12H20 + $3" — 5 3H;S0, + 24e" + 18H? --. (ii) 


3x = —6 6+3x-24=0 
3x= 18 


| 18 —(-6) = 24 | 
iv. Add Egs. (i) and (ii) 
20H70 + As, S, —> 2H,AsO, + 3H,SO, 
+ 28H? + 28e ... (iii) 
v. Now balance reduction reaction of HNO, to NO. 
3H 3e + HNO; — NO +2H,0 (iv) 


1+x-6=0 x=2=0 
x5 x=2 


5 —2=3e 
vi. Multiply Eq. (iii) by 3 and Eq. (iv) by 28 and then 
add both the equations, 
60H,O + 3As,S,—> 6H yAsO, + 9H SO, 


P" 


UE cni UE oi BA 
BAHT + BAC + 28HNO, ——. 28NO 


+ 56 H,O .. (vi) 
4H,0 + 3As,S, + 28HNO, —» 6H,AsO, 


| + 9H,SO, + 28NO 
It is a balanced redox equation. 


Cl +HC,07 —> 2CI? + 2C0,> 


| 


In the blank space on LHS, put Cl; since HC 0,6 i 
oxidised, therefore Cl, is reduced. 

Lh 2r FOL 2CIo n 
ii. 2H;0 + HC;O£ —À 2COs"  -2e + 5H® NO 


$e-] 2x—-12- -4 
] -2x —- ab 2x8 
8—6-2e9 


Add Eqs. (i) and (ii) 
24 + Cl, —5 2CI? 
2H,0 + HC,0 P — 2C0; + 2 + spè 


Cl, + HC,0,? +2H,O —> 2Cl" + 2CO,* + 549 
gt a ee TS 


It is a balanced equation. 

Here, HgS (i.e., Hg’*S*) is split into two parts Hg 

and S% in which only S% (sulphide ion) is oxidised t 
+1x2 +2 -Ix4 

S, whereas Hg?* is unchanged in | H, Hg SN 


HNO, is reduced to NO. 


i. s7> — > S+2e (i) 
x=—2 x=0 
lo-c2-2e] 
ii, 3H®+3e + HNO,—— NO - 2H;0 fa 
1+x-6=0 x—2=0 
x=) x=2 
5-2 =3e 


iii. Multiply Eq. (i) by 3 and Eq. (ii) by 2 and then add 
both the equations. 


38^ 5 Ee 
6H? + $^ + 2HNO, —> 2NO + 4H,0 
6H? + 38°" + 2HNO, — 53S + 2NO + 4H,0 
UU T—————————————MÉÁ— ŽA 


It is balanced equation. 
iv. Now add other ions to both sides. 


3Hg?* 3Hg^* 
LHS | 6H? RHS | 6H? 
12CI? 12c1° 


Net equation is 
12HCI + 3HgS + 2HNO, > 3H,HgCl, £39 . 
+ 2NO + 4H,0 


*7x2 2x7 4 hs 


Mn; Oo, —> Mn 0, +0, 


Mn,0, is splitted into two parts | ue A 
i 7x2 n, and O; 


6e + Mn; — 2Mn ù | 
2x = l4 ox = g aes 
14-8 = 6e- 
-7x2 


7 7Ó; t28e T 
1 
14x 2 28 14x=0 .. (ii) 


0 — (-28) = 28e- 


a 
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ij. Multiply Eq. (i) by 28 and Eq. (ii) by 6 and add 
them. 


pH + 28Mnj* —— 56 Mn** 
1207 —2 420, + 285-66 


ee fe ee ee Bg RAE En c 
28Mn,/* + 12077 —> 56Mn"* + 420, 
or 


28Mn5,0; + 12Mn,0, ——À 56MnO, + 420, 


iv. Balance Mn atom except H and O. 


40Mn,0, ——» 56MnO, + 24MnO, + 420, 


y. Balance O atom 
40Mn,0;— 80MnO, + 420, + 180, 
or 
2Mn,0;— 4MnO, + 30, 


Balance the following equations: 


i. As,S; + NaClO, + NaOH — Na,AsO " 


+ NaClO + Na,SO, 
ii. IfM is the molecular mass of As,S,, the equivalent weight 
of As,S, is 


a. M/24 b. M c. M/2 d. M/28 


T3x2 -2x3 


i a. As,S, is split into two parts fei S4 | in which As, $* 
is oxidised to AsO,?- and S,° is oxidised to SO,7. 
Whereas, CIO,? (Chlorate ion) is reduced to ClO? 
(hypochlorite ion). 


b. Write the equation'in ionic form. 


© 
As,S, + C10,° + OH —> AsO,> + CIO? + SO, 


€. As —9 2AsO,° +4e 


2x-6 2x-16=-6 
2x = 10 


| 10 — 6 =4e— | 
d. Balance O atoms by adding 8H,O on LHS. 
8H,0 + As, —> 2As0,° + 4e 
e. Balance H atoms in basic medium by adding 16H,O 
on RHS and simultaneously add 160H ions to 
LHS. 
160H + 8H,O + Asf —9 2As04 + 4e 
+ 16H,O 


Or 


o D 
160H + As —— 2AsO,” + 4e +8H,0 ..(i) 
It is a balanced equation. 


f. Similarly, balance S,° to SO? ion in basic medium. 


53° 380," + 24e 


3x=-6 3x-24--6 
ý 3x=18 


| 18 - (-6) = 24e- | 
g. Balance O atom by adding 12H,O on LHS. 
12H,O + S, e -—À 380,7 + 24€ 
h. Balance H atom in basic medium by adding 24H,O 


on RHS and simultaneously add 24OH ions on 
LHS. 
O 
240H +12H,0 +S; —> 380,2 + 24e 
+ 24H,O 
or 
© 
240H + S} —> 3S0,2> + 24e + 12H,0 ...(ii) 
It is a balanced equation. 
i. Now add Eas. (i) and (ii) to get final oxidation 
reaction. 


IS] 
160H + As —— 2As0; «4e + 8H,O 


IS) 
240H + SÉ ——> 3S0; «24e. «12H50 


I 


© 
400H + As,S, —> 2As0; 380; + 20H,0 + 28e 
St ee 


..-(11) 
j. Similarly, balance the reduction equation of ClO, to 
CIO? ion. 
4e + ClO —9 CIO? 
x-6--1  xy-2-4 
x75 x=1 


| 5-—1=4e7 | 
k. Balance O atom by adding 2H,O on RHS. 
4e7 + CIO,? —> CIO? + 2H,0 
| Balance H atoms in basic medium by adding 4H,O 


on LHS and simultaneously add 40H ions on 
RHS. 


4H,0 + 4e" + CIOS — CIO? +2H,0+40H 

or 

2H,0 + 4e" + CIO? —>ClO° +40H . v) 
It is a balanced reduction equation. 


Equation (iii) is an oxidation reaction and Eq. (iv) 
is a reduction equation. To balance the number of 
electrons, multiply Eq. (iii) by 2 and Eq. (iv) by 14 


and add them. 
© 
800H 4 2As,S, —> 4AsO;2° + 650% + 40H40 + 566^ 
© 
28H40 + 566° +14C10,°-—> 14CIO? + 560H 
iS) 
240H + 2As,S, + 14CIO;? ^ |] 


4AsO,  * 14CIO? - 12H50 + 685077 (v) 


Physical Chemistry 


It is a balanced redox reaction. 
Now add other ions to both sides of Eq. (v). 


Equation (v) becomes 
24NaOH + 2As,S,  14NaCIO, —> 4Na,AsO, + 14NaCIO 
+ 6Na, SO, + 12H,O 
or 
12NaOH + As,S, + 7NaClO, —9 2Na,AsO, + 7NaCIO 
+ 3Na,SO, + 6H,O 
(vi) 


Equation (vi) is the final balanced redox reaction. 


ii. b. The number of electrons involved in Eq. (iii) is 28. So 
the equivalent weight of As,S, is M/28. Answer is (iv). 


Write a balanced equation when copper reacts with nitric acid, 
a brown gas is formed and the solution turns blue. 


Cu + NO£—— Cu? + NO; 


a. Cu— Cu «2e NO) 
x-0 x2 
2—0-2e- 


b. 2H’+e+NO;°— NO; + H;O (ii) 


x E- = 5 7 x z 4 
| 5—4-]1e- | 
c. Multiply Eq. (ii) by 2 and add Eqs. (1) and (ii). 
Cr — sca” id 
AH? + 2€. + 2NO£ —> 2NO, + 2H;0 
Cu + 4H® + 2NO,° ——> Cu** + 2NO, + 2H,O 


It is a balanced redox equation. 


Balance the following redox equation by both methods. 


[Cr(OH); f + H,0, — CrO + H,O (basic medium) 


ES (COH, + H202 77 CrO4^ + H20 


Ion electron method: 


-2 +1 2 , 
a. [Cr(OH)4]° — CrO« + 3e "i 
E TT 


16-323] 


b. 2e + H,O, —> 2H,O (11) 


00000 EMMENRENUNUUUICANSCRUEENUUUCUNUUUUMET C ———— 


20H + 2[Cr(OH),]° - 3H,0, — 5 2CrO ; -8H,O 


= 


"m og 


c, Multiply Eq. (i 


d. Balance th 


e. Balance the 


Balance the following reactions: 


) by 2 and Eq. (ii) by 3 and add them, 
2— 
3 CrOE)4 T ——3À 2CrO, + 66 


a 43H,0; ——? 6420 


ee S v 0A 

J= 

2 Cr OH)4T + 3H50» — >> 26H. -+ 6H,0 
(LHS) Total charge (RHS) Total charge 


22 --4 


O 
e charge on both sides by adding 2OH on Lyg 


(basic medium). 


20H + 2[Cr(OH), | 
O atoms by adding 2H, 


Je + 3H,O, —? 2CrO yt 6H,0 
O on RHS. 


" 2- 
sou +2{CHOH),1° + 38,0; — 2010473 SHG 


It isa balanced redox reaction. 
Oxidation number method: 
[Cr(OH),]° — CrO p + 3e 
a. Balance O atoms which are already balanced. 


b. Balance H atoms by adding 4H,O to RHS and 


Ə 
simultaneously add 4OH ions to LHS (basic 


medium). 
40H + [Cr(0H),]° — CrO,- + 3e + 4H0 ..() 
It is a balanced oxidation equation. | 

c. 2e + H,O, —> 2H,O 

d. Balance O atoms which are already balanced. 

e. Balance H atoms by adding 2H,O to LHS and 


simultaneously add 2 OH to RHS. 
2e + 2H,0 + H,O, —> 2H,0+ 20H | 
(or) | 
H,0, +e — 20H ...(ii) 
f. a Eq. (i) by 2 and Eq. (ii) by 3 and add them. 
80H + 2[Cr(OH),]° ——> 2CrO4?- + 6e^ +8H,0 
3H,0, + 6e” — . 60H 


It is a balanc 

ed redox reacti . ‘ : 
i on, s in 
ion electron method. , Which is same à 


U(SO KMnO, +H MEN. 3 
(SO,), + nO, + HO H,SO, K,SO 
2 2^ 74 


! a 
Bi O, + NaOH + NaOc} + MnSO, + UO, 


3S HMnO, ef Pb(NO,), 4 B 
2 CrO, + KIO, + KC] + HO 


rO, + 
3 + HCl —> NaCl + KBr + HAsO 


Cri, +KOH + CI 
Na,HAsO, +KB 


» J 


| 


0, + Nal + HCI —> NaCl + Te + H,O + I, 


Na, Tes 
K (Fe(CN)4] + Cr,O, + KOH —> K,[Fe(CN),] 
+ K,CrO, + HO 
_ NH, = NO + H,O 
"INO, +HI— NO +1, + H,O 


i MnS0; + (NH4),5:0, + H,O —> MnO, + H,SO, 
+(NH,),SO, 
|, CuO + NH, —> N, + H,O + Cu 
n. NaHSO; + Al NaOH — Na, S +All, ;04 +H 0 
à. CoCl, + Na, O, + NaOH + H,O —> Co(OH), + NaCl 
o. (CaN, ),JCl, + KCN + H,O —> NH, + NH,Cl + KCl 
+ KCNO + K,Cu(CN), 
" Sb,0; + KIO, + HCI + H,O —> HSb(OH), + KCI + ICI 
q WO, + SnCl, + HCI —9 W30; + H,SnCl + H,O 
r CoCl, + KNO, + HCI —> K,Co(NO,), + NO + KCI 
+ H,O 
s. V(OH),Cl + FeCl, + HCl —> VOCI, + FeCl, + H,O 
t Ag+KCN +0, + H,O —> K[Ag(CN),] + KOH 
u. KCIO, + H,SO,— KHSO, + O, + ClO, + H,O 
y. Cr,0; + Na,CO, + KNO, — Na,CrO, + CO, 
+KNO, 
w. Aut+ CN? + O, —> [Au(CN) ,]© (aqueous solution) 


x. Zn+ReO,2 ——— Re^? + Zn” (acidic medium) 


a. U*(S0,2>), + K®Mn0,° + HO — (H®),S0,7- 


® 
+ (K),SO,7" + Mn?*SO,? + UO/"SO," 

Reaction is 

Reduction 
U^« MnO£* H20 —> Mn” + UO; 
[o or ooa cs P 

Oxidation 

Oxidation: U^* + 2H,0 —> UO,” + 4H® + 2e] x5 


2 
SU + 10KO +16H®+2Mn0,2—> 2Mn?* + 8450 
+5U0,2* + 20H® 


or 
SU(SO,), + 2H,O + 2KMnO, —9 2MnSO, 


+ 5SUO,SO, + 2H,SO, + K,S0, 
b. Bi,O, + Na®OH + Na?O0CI^ —> Na?CI^ + H,O 


e C) 
+ NaBiO, 
Reaction is 
Reduction 


B0, + OH + OCIÉ—9 BiO$ + Cf + H20 


Oxidation 


Redox Reaction 2.25 


Oxidation: 60H + Bi,O, —> 2BiO; © + 3H, O+4e 


Reduction: 2e + H,O + OCI? —> CI* + 20H ]x2 


;OCI^ + 20H + BijO, —> 2Bi0,° + H,O + 2C 


or 


JNaOCI* 2NaOH *BijO, —> 2NaBiO, + H,O 


+ NaCl 
. Ca^ (OCIO), + K?I? + H9CI^ — l, + Ca" (CI); 
+ HO + KÊ®CIO 


Reaction is 
Oxidation 


OCÉ- 12+ H9 — L + C? + H20 


Reduction 
Reduction: 2e- + 2H? + OCI^ ——> Cl? + HO 
Oxidation 212 —> L + 2e 
70 + 2H® + OCI? —> CI? + H,0 +1, 


AKI + 4HCI + Ca(OCl), —9 —> CaCl, + 2H50 + 21, + 4KCl 


d. MnO + PbO, + H9NO,? — H®MnO,? + Pb**(NO,”), 
+H,O 


Reactionis _.,. 
Oxidation 


MnO + PbO; + NO? —> MnO% + Pb? 
Reduction 
3H,0 + MnO —> Mn0;? + 5e 
T 6H*] x2 
Reduction: 4H? + 2e + PbO, —> Pb” + 2H,0 ] x $ 


Oxidation: 


LL 
2MnO + 5PbO, + 8H®—> 2MnO,? + 5Pb- + 4H,O 
ee NEN I EE 11t( 


Or 


2MnO + 5PbO, + I0HNO, —> 2HMnO, + 5Pb(NO;), 
+ 4H, Ko 


d 


MN 
Cr^*(I9), + KOH? + Cl, —> (K®),CrO,* + KPIO,* 
+ KECIS + H,O 
Note that both I? and Cr^* are oxidised to IO,? and CrO ae 
respectively, in basic medium. 
Oxidation: [I? —> 10,9] and [Cr? — Cro] 
240H + 12H,O + 319 —> 310,° + 24e + 24H,O 
3x =-3 3x-24--3 
3x 221 
O 
80H +4H,O + crt —>» CrO,7 *t3e + 8H,O 
x=3 x-8-2-2 | 
x76 


320H + Crl, — 310,° + CrO,2 + 27e- + 16H,0 ...(i) 


Reduction:[Cl, —> 2Cl°] 


2e + Cl; —> 2019 (ii) 


i Oxidation: [NH4,—— NO] 


O NH, — NO + SE + SH pa 
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Multiply Eq. (i) by 2 and Eq. (ii) by 27 and add to get final 
redox equation 


uc GRONINGEN MENGE x+3=0 x-2=0 
640H + 2Crl, + 27Cl, —> 610, + 2CrO,7- + 5ACI" x--3 x-2 


+ 328,0 


i oe er NEM rl 


or 
OF eee 
GIKOH 4 2Cr1, + 27Cl, —> 6K10, + 2K,CrO, + 54KCI 


+32H,0 


f. (Na®),HAsO,> + KPBrO," + HEC’ —> Na®Cl 


Reduction: [O, — 2H50] 
AH + 56 +0, — 2H,0] «5 
x=0 4+2x=0 
2x = —4 
ANH, + 50, — 4NO + 6H,O 


4 K?Br? + H,AsO, j. H9NO,? + HPI — NO + I, + HO 
> Oxidation [21° —> L]: 
Oxidation: [HAsO,2> — H,AsO,] [ >h 
Sac ! 21e — I, + 2€ ]x 3 
HAsO, + H,O —9 H,As04 + 2e re Reduction: [NO, —> NO] 
Reduction: [BrO; —> Br ] 4H® + 36° + NO,” —> NO +2H,0] 72 
6e- + 6H? + BrO,? — Br? + 3H,O rYe62e] 229 
3HAsO,"- + BrO,° + 6H® —> Br© + 3H,AsO, x-5 x-2 
E 6I^ + 8H® + 2NO,? — 2NO + 31, + 4H,O 
c k a ee ee 
3Na,HAsO, + NaBrO, + 6HCI —> NaBr + 3H,AsO, or  6HI* ae —> 2NO + 31, + 4H,0 
T piaci k. Mn2*SO,2-+ (NH,),S,047- + H,O —> MnO, 


.. (Na®),Te0,% + Na®I® + H9CI? —> Na®CI® + Te + H,O 
+ L 
Oxidation: [2I —> IJ 
21° — L+ 2€ ]x2 
Reduction: [TeO,” —— Te] 
6H? + 4€“ +TeO,2 —> Te + 3H,O 


+ (H®),SO,2-+ (NH4)S0,- 
Oxidation: [Mn?*——> MnO, ] 
+4 ~ 
2H,0 + Mn?* —> MnO, + 2& +4H° 
Reduction: [S 0; —> 280,7] 
26 +8,0,2 — 280, 


2H,O + Mn?* + S,0,2>—> MnO, + 4H? + 280,7 


x—67-2 xcu 
x=4 OT 
4I* + 6H® + TeO,? —— 2L, + Te + 3H,O 2H,O + MnSO, + (NH,),S,0; —> MnO, + 2H.50, 
z + (NH,),SO, 
4Nal + 6HCI + Na,TeO, —> 21, + Te + 3H,O + 6NaCl b Oxidation: PNB = 0] 
Oxidation P. N2 au us rd 
2x * 6-0 2x - 0 
+3 +2 Jy = 
(KE );[Fe(CN);]^- + Cr203 + KOH? —> (K®),[Fe(CN)o]* ui 
^ Reduction: [CuO —— Cu] 
Reduction * (K9?5CrO," + H20 2H9 + dar + CuO — Cut H,O] x3 
Oxidation (basic medium): [CrO, —> 2CrO,? | 2NH, + 3CuO —> N, + 3Cu + 3H,O 
m. Oxidation (basic medium): [2A1——» A1,0,] 


100H + 5H,O + CrjO, —> 2CrO,? + 66 + 10H,0 


2x -6=0 2x - 167 -4 60H + 3H,O + 2AI > ALO, + 6e + 6H,O] * 4 
a= 67 2x = 12 Reduction: [HSO —> S? ] l i 
Reduction: [Fe —> Fe” ] 


a + [Fe (CN) ]'.- nid [Fc (CN), ] ] x 6 


> 6[Fe(CN), ]' 
K2CrO,* 4 5H,0 


100H + 6[Fe" (CN),J* + Cr;O, 


or 


MENTEM 
IOKOH + 6K,[Fe(CN),] + CrjO, —> 6K, | Fe(CN), ] 
+ 2K,CrO, + 51,0 


7H,0 + 8€. + HSO —»S?-+4H,O+ 70H ]*3 
n Oats a — — ——Ü 


or 


cae necro sein € 
3NaOH + 8AL + 3NaHSO, —o 4ALO, + 3H,O + 3Na S 


Co? (Cl. ), + Na,O, + Na®OH + H,O —> Co(OH), 
+ Na“Cl° 


» 


> 


Redox Reaction 2.27 


oxidation (basic medium): [Co?* ——2 Co(OH),] 


;0H + nó + Co?* > Co(OH), + g + 3946] x2 
Reduction: [0; ^— OH] 

4,0 + 26 «0,7 — 20H 

40H + 2Co** + 2H,0 + 0,” —9 2Co(0H), 

0 


- 
;NaOH + 2CoCl, + 2H,0 + Na,O, — 2Co(OH), 
' + 4NaCI 


Cu(NH,J, (CT), + KCN? + HO —> NH, + NH Me 
+ (KS),Cu(CN),?- + K€CNO? + KECIO 
Oxidation (basic NH, medium): [CN^ —> CNO°] 
H,O + CN? —> CNO? + 2e- + 2H9 
x-3--1. x-3-2=-1 
x=2 x=4 
Since the reaction is carried out in NH, medium, add 2NH, 
to both sides. 
INH, + H,O + CN? —9 CNO? + 2e + INH,” a 
Reduction: [Cu*(NH,),2*—> Cu (CN); 
[Cu?* —> Cu!*] (basic NH, medium) 
e + Cu” —>Cul* 
Add 4NH, and 3CN* to both sides. 
e + Cu? + 4NH, + 3CN? —> Cut! + 4NH, + 3CN© 
or 
e + Cu(NH,),”* + 3CN° —> Cu(CN),7 + 4NH, 
or 
2e + 2Cu(NH,),”* + 6CN° —> 2Cu(CN),” + 8NH, 
ll) 


2 


Add Eqs. (1) and (11) 
H,O + 7CN* + 2Cu(NH,) ~~ 2Cu(CN), + CNO? 


+ 6NH, + 2NH, 
Net redox reaction is 
H,0 + 7KCN + 2Cu(NH,),CL, —> 2K,Cu(CN), 
+ KCNO + 6NH, + 2NH,CI + 2KCI 


Reduction 
P. $50 + K* 107+ HÊ C12 + H0 —> HSb(OH)s 


+K’ CI? ^ ICI 


Oxidation 
Oxidation: [Sb O, —> 2HSb(OH),] 
9H,0 + Sb,0, —> 2HSb(OH), + ae cag? 
2x-6=0 2+2x-12=0 
2x =6 2x = 10 
Reduction: [10,°—> 1%] 
6H9 + 4e- 4 10,° — I®+3H,0 
x-6=-] x=] 
ile i oe 


I 


6H,O + 2HCI + Sb,0, + KIO, —> 2HSb(OH), + ICI 
+ KCl 


ey CIO. — ro xe 
q. WO, + S (CI), + HPCI^ —> W30; + (H9),SnCI? 


+ H,O 
Oxidation: [Sn?' —o» SnCl,” ] 
Sn2+ —— Sn^* + 2e 


or — 6Cl^- Sm? — SnCI2- + Sn + 247 
Reduction: [3WO,—> W40,] 
2H® + 26 +3WO, —> W40, + HO 

3x-18-0 — 3Xx-16-0 

3x - 18 . 3x = 16 

2H® + 6CI? + 3WO, + Sn?* —> SnCl + W,0, + H,O 
or 
4HCI + 3WO, + SnCl, —> H,SnCl + W30; + H,O 


r. .Co?*(CI9), + K°NO,°© + HCP —35 ( K*),Co* (NO 
+ NO + K?CI- + H,O 
Oxidation: [Co** —> Co?*] 
Co?* —— Co% + ca 
or 6NO,° + Co?* —> Co(NO,),* + a 
Reduction: [NO,? —9 NO] 
2H9 + 2€“ + NO? —>NO+H,0 
2H® + 7NO,° + Co?* —> Co(NO,),> + NO + H,O 
or 
2HCI + 7KNO, + CoCl, —> K,Co(NO,), + NO + H,O 
+ 4KCl 
s. V(OH),°CI° + Fe?*(CI9), + HCI — VO? (CIS), 
+ Fe™(C1®), + H,O 
Oxidation: [Fe?* —> Fe?] 
2+ +3 / 
Fet —> Fe + g 
Reduction: [V(OH),? —> VO] 
2H9 + g^ + V(OH),® —> VO? +3H,0 
2H® + Fe?* + V(OH),? — > VO” + Fet + 3H,O 
or 


a 
2HCI + FeCl, + V(OH),CI—> VOCI, + FeCl, + 3H,O 


t. Ag+K®CN® + O, + H,O —> K®Ag(CN),° + Kê OH 
Oxidation: [Ag —> Ag®] 


Ag —> Ag? te 
Add 2CN” to both sides 


Ag + 2CN° —> AgiCN),° + g^ ] x4 


Reduction: [O, —> OH ] (Basic medium) 


SI © 
2H,0 +46 +0, —> 20H+20H 
2x=0 2x+2=-2 
2x 2-4 


4Ag + 8CN? + 2H,O + O, —> 4Ag(CN),° + 40H 
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or 
OE a aaa 
4Ag + 8KCN + 2H,0 + O, —> 4KAg(CN), + 4KOH 
i LE CE 
Oxidation 
3(-2 —> 0) = +6 


u. K?CIO? + (H® 5504, — K9HSO, + O + CIO; + H20 
(+5 —> +4) - -I 


Reduction 


2 3 : 
Oxidation [307 n a Ta 6e | 


+5 +4 | 
Reduction ie + CIO," — ClO, 
4KCIO, —> O, + 4CIO; 
4H,SO, + 4KCIO, —> 4KHSO, + O, + 4CIO; + 2H,0 
ne 
Reduction 


[7] 
v. CrO; + (NS C047 + K® NOs —> (Na CrO47 


Oxidation + CO2 + K9NO7 
Oxidation: [Cr,O, —> CrO,?] 
5H,O + Cr,0, —> 2Cr0,> + e^ +10H® 
2x-6=0 2x-16=—-4 
2x = 6 2x = 12 
Reduction: [NO,? —9 NO,°] 
2H® + 24^ +NO,° —>NO,°+H,0] x 3 
2H,0 + Cr,0, + 3NO,° —> 2Cr0,2 + 3NO,° + 4H® 
Add 3K® and 4Na® ions to both sides. 
2H,0 + Cr,0, + 3KNO, + 4Na® —> 2Na,CrO, 
+ 3KNO, + 4H® 


[Now add 2H.CO, to the left and 2CO, + 2H,0 to the right 
of the equation] 


[4H® + 2CO,? = 2CO, + 2H,0] 
2H4Ó  CrO, + 3KNO, + 4Na® + 2H,CO, —> 
2Na,CrO, + 3KNO, + 4H? + 2CO, + 250 
or 
a a ÁN 
Cr,O, + 3KNO, + 2Na,CO,+ AH —> 2Na,CrO, 
+ 3KNO, + 2CO, + 4H 
Hence, the net redox reaction is 
Cr,0; + 3KNO, + 2Na,CO, —> 2Na,CrO, + 3KNO, 
+2CO, 
w. Au + CN® + O, —> Aus*(CN),° 
[CN” must be kept out of acid solution] 
Oxidation: [Au—> Au**] 


. Au — Au? + 3e- 
Add 4CN? both sides 


4CN? + Au —> Au(CN),° + 3&^1x4 
© 
Reduction: [0, —> OH] 


X. 


(c) O 
2H.O + 4 +O, — 20H + 20H] x 3 
2 
2x= 4 


© > € 
4Au + 16CN^ + 6H,O + 305—939 4 Au(CN),° + 1204 
IT a MM M 


or 


—————_— m btn ee 
4Au + 16KCN + 6H,O + 30, —> 4KAu(CN), + I2KOg 


Oxidation: [Zn—> Zn**] 
Zn —> Zn” + 26] * 4 
Reduction: [ReO ~~ Re^] 


x-8-2-1 x=-l 


x27 
———————————————————————— 
4Zn + 8H? + ReO,^ —> 4Zn^* + Re^ + 4H,O 


Complete and balance the following equations: 


CIO, + 0,2 —2 ClO,° + ? (Basic medium) 


i. Cl, + 10,° —> IO,° + ? (Basic medium) 
iii. Cu+NO,° + 7 —»5 Cu* + NO, +? 

iv. H,S + K,CrO, + H,SO,—>? 

. Fe?* + Mn0O,° — Fe** + Mn” +? 

. Zn HNO, —> ?+N,0+? 

ii. HI + HNO, —> ?+NO+H,O 


Since CIO, is reduced [e- + CIO, —> CIO,*] 
so O,7- must be oxidised [0,> —> O, +2e] 
0, —+0,+ 266 
+ CIO, —>+ CIO,9] x2 
0,7" + 2C10, — 0, + 2C10,° 


Oxidation: 


Reduction: 


- Since IO,° is oxidised [IO,? > IO ue eaa") 


S0 Cl, must be reduced [CL + 2e7 — 5 2CIe ] 
Basic medium: 


(©) 
Oxidation: 20H + H,O + 10,9 —> 10,9 + 26° +2H,0 
Reduction: 2e" + CL —. 2¢]© 


20H *10,? + Cl, — 10,9 + 2C1° + H,O 


Since Cu is oxidised [Cu —> Cu% + 2e], so NO,® must | 
be reduced [e- + NO,° —-» NO,] ' i 
Oxidation: Cu —> Cy2+ + ae 
Reduction:2H® + gp +NO,° 


~> NO, 4 H,O] x 2 
Cu + 4H® + 2NO,9® 


— Cu? + 2NO, + 2H,0 


— S + 2e J so CrO,’ is 


o to S [S° 


is oxidised 


| gine’ D , baa’ 
i" qucet (o ce (3c 4€ rO, ES Cr") 
oxidation G2 S+ X ]x3 
4 - A . 
* C r0, — Cr" 4 411,0] 23 


peducte i geen 
wert WOH? + 2Cr0, —9 38 + 2Cr + 88,0 
gg ARE and SSO,^ to both sides, 


ox reaction is 


The net red 
SO, — 38 + Cr (S04); 


KCrO, + $H, 


S+ 
+ 2K,80, + 8H,0 
y, Since Fe" is oxidised to Fet (Fe —> Fet + e], so 
yind, must be reduced to Mr? 
(Sc + MnO > Mn2") 
yyidation sfe — SFe + 56^ 


se^ + MnO,” — 5 Mn? + 4H,O 


+ + 8HE + MnO, — 5Fe?t + Mn?* + 4H,O 


vi. 


; Redox Reaction 2.29 


Since HNO, is reduced to N,O (8e + 2HNO,— N,O]. 
«o Zn must bc oxidised to Zn?' [Zn —? Zn? + 2e] 


4Zn —> AZ?" 3 a 


Oxidation: 


Reduction: 8H” | gE + MnO, 
AZn 1 8H? + 2HNO, — Az + NO + 5H,O 

or 

azn + 10HNO 4 —9 42n(NO5), 

NO [Be + HNO, — NO]. se 

[> —» 1, +2] 


+ N,O + 5H,0 


vii. Since HNO, is reduced to 
l^ must be oxidised to L, [2 


Oxidation: 34° + 3 + HNO, — NO + 2H,0] ^ 2 


2HI — + 2€ + aM N3 


Reduction: 
HI —> 3L + 2NO + 4H,O 


2HNO, + 6 


un 


10. 


Exercises 


B o — ^ Exercises 2. 2 Wi 


PET Correct Answer Type Il 


. Which of the following represents a redox reaction? 
p NaOH + HCI —— NaCl + H,O 

(2) BaCl, + H,SO, —> BaSO, + 2HCI 

(3) CuSO, + 2H,0 —> Cu (OH), + H5SO, 

(4) Zn + 2HCI —o ZnCl, + H, 


. In the reaction 


SO, + 2H,8 —> 3S + 2H,O 
the substance oxidised is 
(1) H,S (2) SO, 


(3$  (4)H,O 


. In the reaction 


3CL, + 6NaOH —> NaClO, + 5NaCl + 3H,O 
the element which loses as well as gains electrons is 
(1) Na (2)O (3) CI (4) None of these 


. The oxidation number of oxygen in OF, is 


(1) +2 (2) -2 (3) +1 (4) -1 


. An oxidation process involves 


(1) Increase in oxidation number 
(2) Decrease in oxidation number 
(3) Both decrease and increase in oxidation number 


(4) No change in oxidation number 


. Which of the following is the strongest reducing agent in 
aqueous medium? 
(1) Mg (2) Na (3) Li (4) Ca 
Which of the following is the strongest oxidising agent? 
(DL (2)F, (3) CL, (4) Br, 
. The oxidation number of phosphorus in Ba(H,PO,), is 
(1) +3 (2)42 (3) +1 (4) -1 
Which of the following reactions do not involve oxidation- 
reduction? 
L 2Cs + 2H,O —o 2CsOH + H, 
II. 2CuL, —> 2Cul + I, 
III. NH,Br + KOH —> KBr + NH, + H,O 
IV. 4KCN + Fe(CN), —> K, [Fe (CN),] 
(1) L H (2) L, III (3)L HL IV (4) HL, IV 


For the redox reaction 
MnO,” + C,O4- + H? —> Mn** + CO, + H,O 
the correct coefficients of the reactions for the balanced 


reaction are 


MnO,” C0, H^ 
(1) 2 5 16 
(2) 16 j : 
B) 5 16 2 
(4) 2 16 5 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


The oxidation state of nitrogen is correctly given for 


Compound Oxidation state 
(1) [CO0NH;);C1]C1, 0 
(2) NH,OH -2 
(3) (N,H,),SO, +2 
(4) Mg;N, -3 
The oxidation state of chromium in Cr(CO), is 
(1) 0 (2) +2 (3) -2 (4) +6 


Which of the following is not a redox reaction? 
(1) CaCO, —> CaO + CO, 
(2) O FATE 9 2H,O 
l 
(3) Na + H,O —> NaOH + 2 H, 
(4) MnCl, —> MnCl, + (1/2)CL, 
In the chemical reaction, 
K,Cr,0, + xH,SO, + ySO, —> K,SO, + Cr,(SO,), 


+ 2,0 
x, y, and z are 
(1) 1, 3, 1 (2)4,1,4 (3)3,2,3 (4) 2, 1,2 
A mole of N,H, loses 10 mol of electrons to form a new 
compound Y. Assuming that all the nitrogen appears in the | 
new compound, what is the oxidation state of nitrogen in 
(There is no change in the oxidation number of hydrogen, 
(1) -1 (2) -3 (3) +3 (4) +5 
When copper is treated with a certain concentration of nitric 
acid, nitric oxide and nitrogen dioxide are liberated in equi 
volumes according to the equation 
xCu + yHNO, —> Cu(NO,), + NO + NO, + H,O 
The coefficients x and y are 
(1)2and3 (2)2and6 (3)1and3 (4)3and8 
In which of the following pairs is there the greatest differen 
in the oxidation numbers of the underlined elements? 
(1) NO, and N50, (2) P,O, and P,0,, 


(3) N5O and NO 
In the reaction 
3Br, + 6CO,” ^" 3ELO — SBr* + BrO,? + 6HCO;* 
(1) Bom is oxidised and carbonate is edie 
(2) Bromine is reduced and water is oxidised 

(3) Bromine is neither reduced nor oxidised 

(4) Bromine is both reduced and oxidised 


(4) SO, and SO, 


. In the reaction 


2FeCl, + HS —> 2FeCl, + 2HCI + S 

(1) FeCl, acts as an oxidising agent 

(2) Both H,S and FeCl, are oxidised 

(3) FeCl, is oxidised while H,S is reduced : 
(4) HS acts as an oxidising agent 


i The oxidation number of cobalt in K[Co(CO),] is 
20. 


M. 


t 


r) 
tsa 


27. 


28, 


29, 


24. 


pH (2) *3 (5) =] (4) -3 
Which of the following is not a disproportionation reaction? 
| NH NO, —^>N,O + HO 
Il. Py — PH, + HPO,” 
A. 
mide PCI, + Cl, 
JV. 10, * P NE I, 
(yh (2) 1, NI, IV 
gy. IV (4) 1, III 
Which of the following represents redox reactions? 


I. C1,0,2 + 20H —> 2Cr0,2 + H,O 
Il. Zn + CuSO, — ZnSO, + Cu 


© 
III. 2Mn0,* + 3Mn^' + 40H —> SMnO, + 2H,O 


(DII (2) I, III, (3) III, IV (4) II, III, IV 


. In which of the following cases is the oxidation state of 


Natom wrongly calculated? 


Compound Oxidation state 
(D NH,Cl 3 
Q) (NjHs),SO, +2 
(3) MgN, -3 
(4) NH,OH -l 


. Which of the following is not a disproportionation reaction? 


(1) KO, + H,O + CO, — KHCO, + 0, 
(2) KCIO, —> KCIO, + KCI 
(3) PbO, + H,O —> PbO + H,O, 


(4) OHC—COOH ——> HOH,C—COOH 


+ 00C—CO0® 
. The number of moles of K,Cr,O, reduced by 1 mol of Sn? 
ions is 
(1) 1/3 (2)3 (3) 1/6 (4) 6 


- Which of the following is a redox reaction? 


(1) H,SO, with NaOH 

(2) In atmosphere, O, forms O, by lightning 

(3) Nitrogen oxides form nitrogen and oxygen by lightning 
(4) Evaporation of H,O 

The oxidation state of Fe in Fe(CO), is 

(1) 0 (2) +2 (3) 2 (4) +6 

In which ofthe following pairs is there the greatest difference 
in the oxidation numbers of the underlined elements? 

(1) NO, and N,O, (2) SO,” and SO,’ 

(3) NO, and N,O, (4) s^ and SO,’ 


Which of the following is not an intermolecular redox 
Teaction? 


(1) MgCO, — MgO + CO, 
(2) 0, + m, —> 2H,0 


30. 


31. 


33. 


34. 


35. 


36. 


37. 


38. 


40. 


—— .  RedoxReaction 2.91 
(3) K + H,O —9 KOH + (1/2)H, 
(4) MnBr, —> MnBr, + (1/2)Br, 
The number of moles of KMnO, required to oxidise 1 mol 
of Fe(C,O,) in acidic medium is 
(1) 0.6 (2) 1.67 (3) 0.2 
[n the reaction 

K +0, —» KO, 

(1) O, acts as an oxidising agent 


(4) 0.4 


(2) Both K and O, are oxidised 
(3) O, is oxidised while K is reduced 
(4) K acts as an oxidising agent 


. Which of the following is the best description of the 


behaviour of bromine in the reaction given below? 
H,O + Br, —> HOBr + HBr 

(1) Proton acceptor only 

(2) Both oxidised and reduced 

(3) Oxidised only 

(4) Reduced only 


CELO +x —H', Cr** + H,O + oxidised product of X, 
X in the above reaction cannot be 

(1) C0 - (2) Fe?* (3) BO (4) S^ 

The oxidation state of chromium in the final product 
formed in the reaction between KI and acidified potassium 
dichromate solution is 

(1) +4 (2) +6 (3) +2 (4) +3 

The number of moles of KMnO, reduced by 1 mol of KI in 
alkaline medium is 

(1) 1 (2) 2 (3) 3 

In the balanced chemical reaction 

10,° + al? + bH? —> cH,O + dL, 

a, b, c, and d, respectively, correspond to 
(1)5,6,3,3 (2)5,3,6,3 (3)3,5,3,6 (4) 5.6.5.5 
For the reaction 


(4) 1/5 


M** + MnO,° —> MO,° + Mn** + (1/2)0, 


if 1 mol of MnO d oxidises 1.67 mol of M* to MO, = then 
the value of x in the reaction is 


(5 


(2)3 (3) 2 (4) I 
ak ,Cr,O0, + bKCI + cH,SO, —> xCrO,C l, + VKHSO, 
+z H,O 


The above equation balances when 
(1)a=2,b=4,c=6andx=2,v=6, 

(2) a=4, b=2,c=6andx=6, y=2,2=3 
(3) a=6,b=4,c=2 andx =6, y= 3, 


2 
(4) a9 1,b-4, c7 6andx-2, v7 6,223 


> — 


-— 


. The oxidation number of carbon in CH,CL,‘is 


(1)0 (2)2 (3)3 (4) 5 

Excess of KI reacts with CuSO, solution, and Na,S,0, 
solution is added to it. Which of the following statements 
is incorrect for the reaction? 

(1) Evolved I, is reduced. (2) Cul, is formed. 

(3) Na,S,O, is oxidised. — (4) Cu,L, is formed. 


ee 
á 


———— 


-ous in PO4, P.C 
umber of phosphorous IN ^v, l ds and. 


2.32 Physical Chemistry The oxidation n 


‘Ant in H,SO, is n 
41. The oxidation number of S in H5505 p Oris . 
(ps ae OM ON oe ds Qu — m3 Oe 
42. The number of peroxide bonds in perxenate ion [XeO4] 18 << Which of the following icads to redox reaction? 
(1) 0 (2)2 o: Q0 (1) AgNO, + HC! (2) KOH + HCI 
43. The oxidation number of Pr in PrO}; 1S (3) KI+ Cl, (4) NH, + HCI 
(1) 22 (2) zt (3) 3 (4)4 56. The oxidation number of S in Na, S406 I$ "m 
6 i M ] +4 +6 
6 6 . . ae 1) +0.5 (2) 2.5 (3) + 
; | ji t oxidation state not (TU. o, Sia 
44. In P c following is the highest oxidation state no E T med H,IO, is 
possible? : di (4) +1 
y+ Q)XeF, | (3)OsO (4) RuO (1) +7 (2)-1 (3) 
(1) [XeO,]" ( 8 4 4 mE a 
58. When iron Is rusted, it 1s 


. ring stat ts is not correct about the 
45. Which of the following statements 1s nis Adie (2) Reduced 


K.[Fe(CN),] — 99 Fe + CO, + NO? (3) Evaporated (4) Decomposed | 
" Fe is oxidised from Fe?* to Fe?* i i 59, An element that never has a positive oxidation state in any 


Wr of its compounds is 
(2) Carbon is oxidised from cto C. 


reaction given below? 


A ERDA E : (Born (2) Oxygen (3) Chlorine (4) Fluorine 
(3) N is oars Boni i to N°’. 60. Starch iodide paper is used to test for the presence of 
(4) Carbon is not oxidised. (1) Iodine (2) Iodide ion 
46. Which of the following is not a disproportionation (3) Oxidising agent (4) Reducing agent 
m oer l 
iai > 61. Which ofthe following acids possesses oxidising, reducing, 
(1) P, + 50H —> H,PO,° + PH, and complex forming properties? 
© B 5 (1)HNO, (2)H,SO, (3) HCI (4) HNO, 
^) ©) ier 
©) Catos -a 62. In the reaction 
(3) 2H,0, —> 2H,0 + O, 8Al + 3Fe,0, —> 4Al,0, + 9Fe 
(4) PbO, + H,O —> PbO + H,O, the number of electrons transferred from the reductant to 
47. Which of the following is not an intramolecular redox the oxidant is 
ion? 
M onn — (1)8 Q)4 (3) 16 (4) 24 
— 
(1) NH,NO, —> N, : 63. Which of the following examples does not represen 
(2) 2Mn;O, —> 4Mn0, + 30, disproportionation? 
ace a (1) MnO, + 4HCI —9 MnCl, + Cl, + 2H,O 
(4) 2H,O, —> 2H,0 + O, (2) 2H,0, —> 2H,O + O, 
48. In the equation (3) 4KCIO, —> 3KCIO, + KCl 
é © $9 p 
NO,* + HO —9 NO,” + ZH" + ne (4) 3Cl, + 6NaOH —> 5NaCl + NaClO, + 3H,O 
n stands for | 64. Which of the following statements is not correct? 
(1) (2)2 o 6) 3 (4)4 (1) The oxidation number of S in (NH,),S,Og is +6. 
49. Which of the following is an intermolecular redox reaction? (2) The oxidation number of Os in OsO 4 is +8. 
(1) 20CH — CHO 0H , HOCH, — CH,OH (3) The oxidation number of S in H,SO, is +8. 
(2) 2c HCHO — P 9.5 C HCOOH +CH,CHOH gg ope e oxidation number of O in KO, is 1/2 
(3) 4CrO, + 6H,SO, —> 2Cr, (SO), + 6H,O0 + 70, . The oxidant which cannot act as a reducing agent is 
(4) As,S, + HNO, —> H,AsO, + H,SO, + NO " (050,  Q)NO,  (3)CO, (4) CIO, 


The coordination number and oxidation number of Ct in 


50. The oxidation state of A, B, and C in a compound are +2, 
K,[Cr(C,0,),] are, respectively, 


+5, and —2, respectively. The compound is 


(1)A,(BC), (2)A,(BC); (3)A,(BC,), (4) A,(BC,), " 4and+2 (2)6and+3 (3)3and-3 (4)3andO 
51. The number of electrons lost in the following change is : hich of the following reactions does not involve eitb! 

Fe +H,O—> Fe;O, + H, oxidation or reduction? 

(1) VO? —, v. o 

(1)2 (2) 4 (3) 6 (4) 8 . 293 (2) Na —5 Na? 

52. The oxidation number of Pt in [P(C,H,)CI,]"” is T - prd —> Cr,0,7- (4) Zn?* Pa 
. W ^ tha f, E 

(1) +1 | (2) +2 9) +3 | (4) +4 ai ca ome following processes is nitrogen oxidised’ 
53, The oxidation nue of P P is ; Ro. se. : (2) NO,9 — 5 NO | 

(3 Ø (4)-3 PIA (NO,—ÀNH? 


g 


dation number of C in HNC is 


i 
EC a (2)-3 (3) +3 (4) 0 
| he oxidation number of Fe in Fey 9,0 is 
* ^ 100  (2)200/94 (3) 94/200  (4)None 
S oxidation number of Fe in Na, [Fe(CN);NO] is 
i: (1) +2 (2) +1 (3) +3 (4) -2 


The oxidation number of Cl in CaOCl, is 
| (D-1 and +1 (2) ie (3) o (4) None 
3, The equivalent e of s 4 în the change 
FeC,0,— Fe** + CO, is 


(1) M/3 (2) M/6 (3) M/2 (4) M/1 
74. The oxidation state of Fe in Fe,Q, is 
(1) 3/2 (2) 4/5 (3) 5/4 (4) 16/3 


75, In which of the following compounds, the oxidation state 
of transition metal is zero? 


(1) CrO; (2) FejO,  (3)FeSO, 
76. The oxidation state of S in H,S,0, is 
(1) +2 (2) +4 (3) +6 (4) +7 
77, Which of the following is not a disproportionation reaction? 


(1) 2PhCHO — 5 PhCOOCH, Ph 


(2) (Ho "OE T eH " qoo” 
COOH COO^ COO? 
(3) NaH + H,O —- NaOH + H, 
(4) All 
78. Which of the following is a disproportionation reaction? 
(1) CuO + 2H® —> Cu + Cu** + H,O 
(2) 2CrO,7- + 2H® —> Cr,0,?" + H,O 
(3) CaCO, + 2H® —> Ca?* + H,O + CO, 


(4) Fe(CO), 


(4) Cr,0.7 + 20H —— 2Cr0,?- + H,O 
79. When KMnO, acts as an oxidising agent and ultimately 
from MnO 7, MnO,, Mn,O,, and Mn?*, then the numbers 
of electrons transferred in each case, respectively, are 
(1)4,3,1,5 (2) 1,5, 9, 7 
(3)1,3,4,5 (4) 3,5, 7,1 
80. Which of the following is a redox reaction? 
(1) NaCl + KNO, —> NaNO, + KCI 
(2) CaC,O, + 2HCI —> CaCl, + H,C,0, 
(3) Mg (OH), + 2NH,CI —> MgCl, + 2NH,OH 
(4) Zn + 2AgCN —> 2Ag + Zn(CN), 
81. The oxidation states of sulphur in the anions so,” 
$04, and S,0,?- follow the order 
(1) S0 2- « SO < S07 (2) SO,” < Bo < 5,07 
LOS) Sd 00) tages cn 
urisation of 1 mol of KMnO,, the moles of H,O, 


Tequired is 
(012 . Qa (3) 5/2 (4) 7/2 
: Ametal ion M3+ loses three electrons; its oxidation number 
Will be 
(1) +3 (2) +6 (3) 0 (4) 3 


Redox Reaction 2.33 


84. To an acidic solution of an anion, a few drops of KMnO, 
solution are added. Which of the following, if present, will 
not decolourise the KMnO, solution? 

(Doo (2) NO,” (3) S+- (4) Cl” 

85. The number of moles of K,Cr,O, reduced by 1 mol of Sn?* 
is 
(1) 1/6 (2) 1/3 (3) 2/3 (4) | 

86. Which of the following is not a reducing agent? 

(1) SO, (2) H,O, (3) CO, (4) NO, 

87. The oxidation state of chromium in [Cr (PPh,),(CO),] is 
(1)49 (2) *8 (3)0 (4) +5 

88. The values of x and y in the following redox reaction. 


xCl, + 60H —> CIO,^ + yCI^ + 3H,0 are 


(1)x=2,y=4 (2)x=5,y=3 
(3)x=3,y=5 (4)x=4,y=2 

89. Which gas is evolved when PbO, is treated with conc HNO,? 
(1) NO, (2) O, (3) N; (4) N,O 


90. The equivalent mass of oxidising agent in the following 
reaction is 
SO, + 2H,S —> 35 + 2H,0: 
(1) 32 (2) 64 (3) 16 (4) 8 


91. In alkaline medium, ClO, oxidises H,O, to O, and is itself 
reduced to CI?. How many moles of H,O, are oxidised by 
1 mol of ClO,? 


(1) 1 (2) 3/2 


(3) 5/2 (4) 7/2 


| “Multiple Correct Answers Type Ill 


1. Which of the following compounds can be oxidised further 
with a strong oxidising agent? 
(1) CrO, (2)ALO. | (3580, (4) MnO, 
2. Which of the following statements is/are correct? 
(1) The oxidation state of H in LiAIH, is -1. 
(2) The oxidation state of H in LiAIH, is +1. 
(3) The reaction of hydrogen in that oxidation state with 
H,O is 
HO «HO —> H, + OH 
(4) The reaction of hydrogen in that oxidation state with 
H,O is 
H® + H,O — H,0® 
3. Which of the following statements is/are correct? 
(1) The oxidation states of N in NH,, HN,, and N,H, á 
-3, -1/3, and —2, respectively. 


` s «oles 
(2) The oxidation states of N in NO,, NO, and "ant t 


+4, +4, and +3, respectively. 
(3) The oxidation states of N in NH,OH, Ny 
are —1, +2, and +5, respectively. / 
(4) The oxidation states of N in N-O a 
—3, respectively. 1. 


cant 


£5 
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4. Which of the following reactions should be balanced in basic 
medium? 
(1) NH, + MnO,° —> MnO, + NO, 
(2) COH); t L> Cr(OH), + 21° 
(3) HNO, + Fe?* —> Fe" + NO, 
(4) HO, + Fe —> O, + Fe 

5. Which of the following reactions is not 
(1) ELO; - KOH => KHO, + H,O 


a redox reaction? 


(2) Cr,0;> + 20H —> 2Cr0,? + H,O 
(3) Ca(HCO,), — CaCO, + CO, + H,O 


(4) HO, — H,O + 50: 
6. No reaction occurs in which of the following equations? 
(1) IS + Fe? —> (2) F, + 2NaCl — 
(3) Cl, + 2NaF — (4) I, + 2NaBr —> 
7. Which of the following statements is/are correct? 
(1) In the reaction H,O, + 1, —9 I? 4? 
the missing product is O}. 
(2) In the above reaction (a), the missing product is H,O. 
(3) In the reaction HO, + Sn?* — Sn^* + ?, 
the missing product is O,. 
(4) In the above reaction (c), the missing products is H,O. 
. Which of the following statements is/are correct? 
(1) In the reaction MnO,” + H? —> Mm?* +? 
the missing product is MnO,°. 
(2) In the above reaction (a), the missing product is MnO,. 
(3) In the reaction NO, + H,O —> NO +? 
the missing product is NO,°. 


00 


(4) In the above reaction (3), the missing product is NO,°. 
9. Which of the following statements is/are correct? 
In the reaction xCu,P + y Cr,O,” —> Cu”* + H,PO, 
in Crt 
(1) Cuin Cu,P is oxidised to Cu** whereas P in Cu,P is also 
oxidised to PO,*-. 
(2) Cu in Cu,P is oxidised to Cu** whereas P in Cu,P is 
reduced to H,PO,. 
(3) In the conversion of Cu,P to Cu** and H,PO,, 
1] electrons are involved. 
(4) The value of x is 6. 
10. Which of the following statements is/are correct about the 
following reactions? 
51. " C,H,,0, 
Fe HSO (dil) + ZnCO, —> Zn** + CO, +80,?- + H,O 
(dil) + Zn —> Zn?' + H, + SO,? 
(conc) + 4Zn 
(1) +1 ow H,S + AZn?* + 4SO,? + 4H,O 
53. The oxidation I), H,SO, acts as a dehydrating agent. 
(1) +3 (2), H,SO, acts as an acid. 


H5504(conc) 6C 4 6H.O 
2 


(2 504 
52. The oxid4 


12. 


— 


. In the rcaction 


13. 


14. 


15. 


16. 


17. 


18 


(3) In reaction (III), H,SO, acts both as an acid ang ay 
oxidising agent. 


(4) In reaction (IV), H,SO, acts as an oxidising agent. 


l, + C,H,OH + OH —> CHI, + HCOO" + H,0 + 


which of the following statements is/are correct? 


(1) The coefficients of OH and [° in the given in balancoj 
equation are, respectively, 6 and 5. 


(2) The coefficients of OH and [© in the given balances 
equation are, respectively, 5 and 6. | 

(3) C,H,OH is oxidised to CHI, and HCOO”. 

(4) The number of electrons in the conversion of C,H,Oy 
to CHI, and HCOO^ is 8. 

Which of the following statements is/are correct? 

(1) PbO, reacts with HCI to evolve Cl, gas. 

(2) PbO, reacts with HNO, to form O, gas. 

(3) Pb4O, reacts with HCI to evolve Cl, gas. 

(4) Pb,O, reacts with HNO, to form PbO,, but O, is not 
liberated. 

Which of the following statements about the following 


reaction is/are wrong? 

2Cu,O(s) + Cu,S(s) —> 6 Cu(s) + 50,(g) 
(1) Both Cu,O and Cu,S are reduced. 

(2) Only Cu,S is reduced. 

(3) Cu,S is the oxidant. 

(4) Only Cu,O is reduced. 

The oxidation number of Cr is +6 in 


(1) FeCr,O, (2) KCrO,CI 
(3) CrO; (4) [CI(OH),]- 
The oxidation number of carbon is zero in 
(1) HCHO (2) CH,Cl, 

(3) CH 1206 (4) CHO, 


Which of the following has/have been arranged in order of 
decreasing oxidation number of sulphur? 


(1) H,S,0, > Na,S,0, > Na,S40, > S, 

(2) SO?* > SO- > S0,?-» HSO,° 

(3) H5SO; > H,SO, > SCI, > H,S 

(4) H,SO, > SO, > H,S > H,S,0, 

The oxidation number of carboxylic carbon atom i 
CH,COOH is l 

(1) +2 (2) +4 (3) +1 (4) +3 
Which of the following is/are autoredox reactions? 
(1) Py + OH —— H;PO;? + PH, 

(2) $0," —» so, + S 

(3) H,O, — H,O + O, 

(4) AgCI + NH, —> [Ag(NH,),]CI 


, 


| jg. Wh 


|| 0 


‘ch of the following is/are disproportionation reactions? 
ic 

4KCIO; _—» 3KCIO, + KCI 

0, — 2H,0 + 0 

KO, + 2H, 0 —> 4KOH + 30, 


‘the reaction KO, + H,O + CO, —> KHCO, + O,, the 

pm -hanism of reaction suggests 

m acid-base reaction (2) Disproportionation reaction 

^ Hydrolysis (4) Redox change 
T which of the following can be used both as an oxidant and 
* greductant? 

ayHNO, (80, — 0, (4) CO 
32 Which molecules represented by the bold atoms are in their 
dl highest oxidation state? 

(1) H,$,93 (2)P,0;9  (@)F,0 (4) Mn,O, 
33, Which molecules represented by the bold atoms are in their 
f jowest oxidation state? 


(1) FO (2) H,S (3) PH, (4) NjH, 
34. Which of the following statements is/are correct about 
CH,=CCl, 


(1) Both carbons are in +2 oxidation state. 
(2) Both carbons are in —2 oxidation state. 


(3) The first carbon has +2 and the second has —2 oxidation 
states. 


(4) The average oxidation number of carbon is zero. 


25. Which of the following statements about tailing of Hg is/ 
are correct? 


(1) Itis due to Hg,O. (2) It is due to HgO. 
(3) It is removed by H,O,. (4) It is removed by O,. 


26. Which of the following is/are disproportionation redox 
changes? 


(1) (NH,),Cr,0, —> N, + CrO, + 4H,O 


o 
(2) 5H,O, + 2CIO, + 20H —> 2CI? + 50, + 6H,O 
(3) 3ClO° — ClO,° + CIO 


(4) 2HCuCL, —-="_ Cu + Cu? + 4CI? + 2H® 


with water 


27. Which of the following statements about the reaction is/are 
correct? 


HgS + HCI + HNO, —> H,HgCl, + NO + S + H,O 
(1) Hg is reduced. (2) Sulphide is oxidised. 
(3) N is reduced. (4) HNO, is an oxidant. 


28. Which of the following substances undergo(es) dispropor- 
lionation reactions under basic medium? 


" (1) F, (2) P, (3) S, (4) Br; 
: Which of the following represent redox reactions? 


(D) C02- + 20H —> 2Cr0,2- + H,O 

0) SO- + HO + L > 80,7 + 21° + 2H9 
8) Ca(OH), + CL — Ca (OCI), + CaCl, 
4) PCI, — PCI + CI, 


b 


Redox Reaction 2.35 |" 
30. Consider the redox rcaction | | 
490 A 
250; t Lo 595°” 21 | 
(1) S,0,” gets reduced to $406 . 
(2) §,0,7 gets reduced to $02 
(3) L gets reduced to I”. 
(4) L gets oxidised to I. m 
31. Which of the following compounds acts both as an oxidising | 
as well as a reducing agent? | 


(1 HNO, | (2) H,0, (3) H5S (4) SO; u 
32. Which of the following reactions does not involve oxidation- 
reduction? 


(1) 2Rb + 2H,0 —9 2RbOH + H, 

(2) 2Cul, —> 2Cul + I, 

(3) NH,CI + NaOH —> NaCl + NH, + H,O 
(4) 4KCN + Fe(CN), —> K,[Fe(CN)6] 


Linked Comprehension Type ill 


Paragraph 1 
Consider the following unbalanced redox reaction: 
H,O + AX + BY — HA+ OY + X)B 


The oxidation number of X is —2, and neither X nor water 
is involved in the redox process. 


1. The element(s) undergoing oxidation is/are 


(1)A (2) B 
(5)YX (4) B or Y or both 
2. The possible oxidation states of B and Y in BY are. 
respectively, 
(1) +1, -1 (2) +2, 2 
(3) +3, -3 (4) All of these 


3. Ifthe above reaction is balanced with smallest whole number 
coefficients, the sum of the stoichiometric coefficients of all 
the compounds is 
(1)9 (2)8 

Paragraph 2 


(3) 7 (4) 6 
Oxidation reaction involves loss of electrons, and reduction 
reaction involves gain of electrons. The reaction in which a species 


disproportionates into two oxidation states (lower and higher) is 
called disproportionation reaction. 


4. Which of the following statements is wrong? 


(1) An acidified K,Cr,O, paper on being exposed to SO, 
turns green. | 


(2) Mercuric chloride and stannous chloride cannot exist a1 
such. 


(3) Iron turning on addition to CuSO, solution decolc«oles 
the blue colour. 


(4) [Cu is formed but [CuCl,?> is not. 
5. Which of the following statements is wrong? 
(1) Acidified KMnO, solution decolourises 
of sodium oxalate. 
(2) In the reaction between Br, and Cq. 
agent and CsI is a reducing ager“ 


2.36 Physical Chemistry 
3) In the reaction 2K,S,0, + l, — 2KI + K5540;. i 
( € reactiot 2570, * 5 I 246 14. Match the following: 


Process 


the change in the oxidation number of S is 0.5. 
Reaction 


(4) C has the same oxidation number in both CH, and CO.. 
6. Which of the following statements is correct? a. CH, — CH,OH p. Neither | 
(1) An element in the lowest oxidation state acts only as a oxidation Y 
reduction 


reducing agent. 
(2) An element in the highest oxidation state acts only as a 
q. Oxidation 


= 


b. _CH,Cl, —?  CH,—O 


reducing agent. 
r. Reduction 


(3) The oxidation number of V in Rb 
(4) The oxidation number and valency of Hg in calomel 


c. H,C==CH, —> H,C—CH; | 


d. HC=CH —o CH,CH=O 


„K(HV 4034) is +4. 


is +1. 
7. Which of the following statements is wrong? Paragraph 4 scien’ 
(1) The algebraic sum of the oxidation numbers of all atoms Redox equations are balanced either by ion-electron method 
in an ion is zero or by oxidation number method. Both methods lead to the correg 
iid ii nced equation. The ion electron 
(2) The oxidation number ts an arbitrary number. It can have form of the balanced equa method has ty, 
advantages. So some chemists prefer to use the ion-electron method 
d out in dilute aqueous solutions, wher. 


egative, zero, or fractional values. à à 
» d for redox reactions carrie 
MOMS free ions have more or less independent existence. 


The oxidation state method for redox reactions is mostly 
used for solid chemicals or for reactions in concentrated acid media 


positive. n 
(3) When a negative ion changes to neutral specie 
process is oxidation. 
(4) The oxidation number of phosp 
— 3 to 45. 
8. Which of the following is not a disproportionation reaction? 


horous can vary from 
15. For the reaction 
K,[Fe(CN)<] s pe ECO + NO, = 


the n-factor is 


(D OH + Br, —> Br^ + BrO, 
^ \ i 24 5 
(2) Cu,0 + 2H? —> Cu + Cu^ + H,O (1)1 (2) 11 (3) 3 (4) 61 
(3) (CN) —> CO,7 + NO, 16. For the reaction 
= 3+ 
(4) (CN), + 20H —> CN® + CNO* + H,O Rory, Few + 80; 
7 = the m-factor is 
Paragraph 3 (1) 1 (2) 11 (3) 28 (4) 61 
The valency of carbon is generally 4, but its oxidation state 17. For the reaction 
may be —4. 2. 0, +2, —]. etc. In the compounds containing C, H, Br, + 2Na0H — NaBrO, + NaBr + H,O 
and O. the oxidation number of C is calculated as the n-factor is l | 
2ng — 5 
Oxidation number of C = E (1) H (2) 28 (3) 61 (4) E 
C 3 
where nj. n, and ng are the number of oxygen, hydrogen, 18. For the reaction 
and carbon atoms, respectively. As,S, — As** + 8S0, 
9. The oxidation state of C in diamond is the n-factor is 
(1) 0 (2) +1 (3) -1 (4) +2 (1) 11 (2) 28 (3) 61 7E 
10. In which of the following compounds is the valency of C Paragraph 5 2 
two? 7 . 
(1) Ketenes y Adkenes bend materials such as turpentine oil, unsaturated organ 
j compounds, phosphorous, metals such as Zn, and Pb, ete- can 
(3) Alenes | (4) Canencs m absorb O, from air in the presence of H,O, which is converted U 
11. In which of the following compounds is the oxidation state H,O,. This is called autoxidation Intermolecular redox reaction 
1c -o arn”) 2 . . . c 4 E 
of ee is Zero“ u are those in which one molecule is oxidised and the oth B 
(1) CH; (2) CH,OH reduced. Intramolecular redox reactions are those in which onè | 
atom ofa molecule is oxidised and the other atom is reduced. | 


(3) HCOOH (4) C,H,,0,, 
In which of the following compounds is the oxidation state 19. Which of the following reactions is/are intramolecular 
51 e of C highest" reaction(s)? bs we 


redo* 


(2) HCHO 


Fe HCOOH 
(4) CH, 


(1) 2-4,0H 

52. The OX of the following compounds is the oxidation state 
(1)*] — "ion? | 

53. The oxidatic- (2) CO, 
(1) +3 ide (4) All 


(1) 2Mn,O, ——) 4MnO, + 30, 


(2) K,[Fe(CN),] + 30H,0 —> Fe% + 6CO, + 6NOs” 
+ 60H? +t 


(3) 2HgO —> 2Hg + O 
i NaOH N 
(4) PhCHO ? PhCH,OH + PhCOONa 


J 


KCUOA Cavi he 


| " ch of ex following reactions is/are disproportionation 
? , 


= 


L^ ÖH —> CI” + CIO® + H,O 
inch 


0 ;HCuCl; dd Cu + Cu?* + 4CI? + 2H9 


3) HCHO + OH __; CH,OH + HCOO”. 
ij MaCO; —— MgO + CO, 
dh ofthe following reactions is/are intermolecular redox 
vaction(s) 
(D SKI + KIO, + 6HCI —> 31, + 6KCI + 3H,O 
D Fe + NH, —> NH, + Fe(OH), 
(3) NO, > +H, S+H, O * H9 —À NH 4° HSO 


(4) Cr; o 20H —> 2CrO gr 0 

Which of the following reactions m auto redox or induced 
oxidation reaction(s)? 

(1) Pb + O, +H,O—> PbO + ELO, 
NES SO, +Na, AsO, + 0, —> Na,SO, + Na, AsO, 
G 3) RCH=CHR + 0, + 2H D= 2RCH—O + 2H,0, 


to 
to 
. 


(DP, + OH —> PH, +H,PO,° 
33, Which of the following reactions is/are none of the reactions 
mentioned in the question? 


2H® 
(1) Ag(NH;),° ———> Ag? + NH? 


(2)Cr,0,2 + 20H ——> 2Cr0,? + HO 

(3) NH? — NH, 

(4) 2NO, —> N,O, 
24. Which of the following statements about the reaction is/are 
correct? 
2AuCL,? + 3Zn —9 2Au + 3Zn2* + 8CI* 
(1) AuCl,° is reduced to Au. 
(2) Zn is oxidised to Zn”. 
(3) Cl is a spectator ion. 
(4) It is an intermolecular redox reaction. 
Which of the following reactions has/have spectator ions? 
(1) Zn + CuSO, —> ZnSO, + Cu 
(2) KIO, + KI + H,SO, —> KI, + K,SO, + HLO 
(3) 2KMnO, + 10KCI + 8H,SO, —> SCI, + 2MnSO, 

+ 8H,O + 6K,SO, 

(4) [CrCl P- + Zn —> [ZnCl] + Cr 


Matrix Match Type Il 


l. Match the reactions given in column I with the number of 


electrons lost or gained in column II. 
Column II 


25, 


Reaction Number of 
electrons 
lost or gained 


Mn (OH, +H,0,—>Mn0,[p-[ 8 — 
ERTE E 
Ae A e 
M|Ws*NOg— s*NO [*|$ | 


2. Match the reactions given in column I with average oxidation 
numbers given in column II. 


Reaction 


Average 
oxidation 
number of Fe 


Fe,[Fe(CN),], 
(Ferri-ferrocyanide) 
(Prussian blue) 
Fe;[Fe(CN),] 
(Ferro-ferrocyanide) 
Fe,[Fe(CN),], 
(Ferto- -ferri cyanide) 
(Turnbull's blue) 


Fe[Fe(CN),] 
(Ferri-ferricyanide) 
Na,[Fe(CN); NO] 
(Sodium nitroprusside) 


Benatan [e 
gjFO 0 0 


3. Match the reactions given in EA I with their respective 
oxidant/reductant given in column II. 


Column I Column II 


Reaction and substance | | Oxidant and 
acting as oxidant or | reductant 
reductant 


31, + 6NaOH 


None act as 
oxidant 
or reductant 


(I, acts as) 


BaCl, + Na,SO, | q. | Reductant 


——À BaSO, and 2NaCl | 
BaCl, acts as 


| 
NalO, + 5Nal + 3H,O | 
| 
| 


AICI, + 3Na—> 3NaCl + 
AICI, acts as 


Both act as 
oxidant and 
reductant 

SO, ^ 2H, S —o 3S +H,0 


H,S acts as 


4. Match the reactions in column I with the molar ratio of their 
respective oxidants and reductant given in column II. 


Column I Column II 


Reaction 


Ratio of moles 
of oxidant tc 
reductant 


H® + U(SO,), + KMnO, 
—? UO,SO, t MnSO, 


Crl, + Cl, + OH 
—> CrO% + 10,9 + cle 
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Sb,0, * 10,? + H® o NI 
— 5 HSb(OH), + ICI : 
z : 


i io of their 
5. Match the reactions in column I with pened a 
) respective reductant and oxidant given in column 1}. 


Reaction 


WO, + SnCl, + H® 
DOW Oat SnCl,7 


Ratio of moles 
of reductant to 
oxidant 


Bi,O, + CIO? + OH i 
-—SIBi9:9-- CI? 


MnO, + PbO, + H® 
— MnO,° + Pb? 
l 
TOF +19 + H® 2 
—2A Te tL 
4 
5 
l 


6. Match the reactions in column I with their respective 


products in column II. 
E Column I g Column II 


Reaction of different 

elements with HNO, 
Metals such as Cu, Ag, Hg, Metal nitrates 
Pb, and Zn reduce conc HNO, and NO 
to give 
Metals in (a), except Zn, with 
dil HNO, give 
More active metals such as 
Zn, Fe, and Sn reduce 
dil HNO, and give 
Metals in (c) with very dil 
HNO, give 


Moderately conc HNO, with Rendered 
Fe gives 


f. | Fe, Al, Co, Ni, and Cr with Ferric nitrates 
conc HNO, give and NO 
| 2 
" Sn with conc HNO, gives V. | Metal nitrates 
and H, 


[Fe(CN),P- + Cr,0, - OH 
— [Fe(EN) JF + CrO 2- 


o 
CoCl, + Na,O, + OH 
— Co(OH), 


Metal nitrates 
and NO, 


Metal nitrates 
and NH,OH 
or NH 4NO, 


Metal nitrates 
and N)O 


. | H,Sn0, ang 
and NO, 


Mg, Mn, an 
dil HNO, give 
metals, Au and Pt, with 
conc 


Complex 
ions such as 
AuCl,? and 
PtCl.* and 
NO 


Noble 
aqua regia (conc HEI 


HNO, =3: 1) give 


I with their respectiy, 
umber of electrons given in column II. 


7. Match the reactions in column 
products and n 


Product and 
number 
of electrons 


p- | 2HSO, + 8e 
sori 80° 


QNEM. 3 " 280,7 + 8e 
medium 


s- 3e and MnO, 
. Strong , 5e- and Mn? 
4 basic | 
medium 
ULT ME le- and MnO 
or neutral 
medium 


8. Match the reactions in column I with the coefficients x and. 
y given in column II. 


Coumnt — [| |Coumal 


Reaction The coefficients 
of x and y are 


2 and 6 


—23 Cu(NO,), ENO 


xAs,S, YNOS 

—> AsO 4^ +NO + SO, 
© 

4P + 30H + 3H,O 

~ XPH, + y ;PO,9 

xKI + YH,SO 


9. Match the reactions 


Jb in column I with their respecti? 
characteristics given i | 


= n column II. 


"iia 
D number | 
dir — [sss 

EUNDI 


MnO, + 4HCI > Zero oxidation 
MnCl, + Cl, + 2H,0 number 


Photosynthesis Em Disproportionation 
u. Auto-redox 


Match the processes in column I with their respective names 


"iq column HH. 
Column Il 
| [jame orreaeton 
TEM. 


Neutralisation 
reaction 


Burning of gasoline and 
human respiration 
Preparation of metals from 
their ores and production by 
lightning of nitrogen oxides 
from nitrogen and oxygen in 
the atmosphere. 


Evaporation of water and 
production by lightning 
of O, from O, 


"Reaction of oxalic acid with Intramolecular redox 
Loaded E. eo 
. |2Mn,0, —> 4MnO, + 30, Intermolecular 
i redox reaction 


ee eee . uo 


Numerical Value Type lll 


1. Among the following, what is the total number of compounds 
having +3 oxidation state of the underlined elements? 


&K,PO;  b.NaAuCl, c. Rb 4Na[ HV. | 
d. ICI e.Ba,XeO, f OF, 
g. Ca(ClO,), h. NO,” 


Redox reaction 


Q0 


10. 


11. 


l- Archives 


JEE MAIN 
Single Correct Answer Type 
l. Consider the following reaction, 
xMnO; + yC,O2- + zH* —» xMn?* + 2yCO, + 3 H,0 


The values of x, y, and z in the reaction are, respectively 


(1) 5,2, and 16 (2) 2, 5, and 8 
(3) 2,5, and 16 (4) 5,2, and 8 
(JEE Main 2013) 
JEE ADVANCED 
Single Correct Answer Type 


l. Oxidation states of the metal in the minerals haematite and 
Magnetite, respectively, are 
(1) II, Win haematite and III in magnetite 
(2) II, III in haematite and II in magnetite 
(3) IL in haematite and II, III in magnetite 
(4) II is haematite and II, III in magnetite 


(IIT-JEE 2011) 


Redox Reaction 2.39 


. Among the compounds given in question 1, what is the 


total number of compounds having +5 oxidation state of 
the underlined elements? 


. Among the following, what is the total number of compounds 


having zero oxidation state of the underlined elements? 
a. S0,"  b.H,CO «CHCl, d. Na,Cr,0, 
e. O, 


. Among the compounds given in question 3, what is the sum 


of the oxidation states of all underlined elements? 


. Among the following elements, what is the total number of 


elements having the lowest oxidation state of zero? 
a. Ta b. Te c. Tc d. Ti e. TI 


. Among the following, what is the total number of species 


which are very good oxidising agents? 

a. F, b. F? c. Na d. Na? 
e.MnO,? f]? g. CI? h. Ce** 
i. CrO j. CrO,7 k. HNO, I. Fe?” 


. Among the species given in Q. 6, what is the total number 


of species which are very good reducing agents? 


. Among the species given in Q. 6, what is the total 


number of species which are neither oxidising nor reducing agents? 


. In the following reaction 


xZn + yHNO,(dil) —9 aZn(NO,), + bH,O + cNH,NO, 
What is the sum of the coefficients (a + b + c)? 

CN? ion is oxidised by a powerful oxidising agent to NO, - 
and CO, or CO! depending on the acidity of the reaction 
mixture. 

CN? —> CO, + NO,° + H® + ne 

What is the number (n) of electrons involved in the process, 
divided by 10? 


What is the n-factor for the phenol in the following reaction? 


H4), C50 
Phenol — F0; , 9 


1. In which ofthe following reactions H,O, acts as a reducing 


Multiple Correct Answers Type 


agent ? 

A. H,O, + 2H® + 27? —> 2H,0 

B. H,O, - 2e? —> 0, + 2H® 

C. H,O, + 27? —5 20H89 

D. H,O, + 20H? - 20? — 0, + 2H40 

(DAC (B,D  (JAB (CD 


(JEE Advanced 2014) 
. For the reaction 


I? + CIO? + H,80, — CI? + H80 +1, 
The correct statement(s) in the balanced equation is/are: 
(1) Stoichiometric coefficient of HSO ^ is 6. 
(2) lodide is oxidized. 
(3) Sulphur is reduced. 
(4) H,O is one of the products. 


(JEE Advanced 2014) 
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Numerical Value Type 


1. The difference in the oxidation numbers of two types of 


sulphur atoms in Na,S,0, 1G serpant . (IHT-JEE 2011) 


Cee E MM oua] 
1. (4 12.(0) — 13. 8) 

14. (a> q; b > p; € > r; d > p) 

15. (4) 16. (2) 17. (4) 18. (2) 19. (1,3) 


EXERCISES 
Single Correct Answer Type 
1. (4) 2. (1) 3. (3) 4. (1) S. (1) 


6 (0 7. (2) 8. (3) 9. (4) 10. (1) 20. (1,2, 3) 21. (1, 2, 3) 
H. ( 12. (D 13. (D — 14 (1)  15.(3) 22. (1,2, 3, 4) 23. (1,2, 3, 4) 
16. 2) I7. (4) 18. (4)  19.() 20. (3) 24. (1,2, 3, 4) 25. (1,2, 3, 4) 


21. 2). 22. (4. 23.Q) 24. (3)  25.(1) Matrix Match Type 


26. G) 27.(0) — 28.(4  29.()  30.() 
3. 0) 32Q) 340) 34) 35. O) QN. a| b ec|diey|f|g]|n[i 


zo so ao xd ab ie hei 
4L (2) 42.() 43.0) 44. (2) 45. (4) [244 EB Claqisimt-—| i 
46. (4) 47. (4)  48.Q)  49.(4)  50.(3) | $ |r 85:4] — | — 
E | | = as a 
1O $0 50 A0 so | & |a Piulrit]|-L-|-- 
: H E— Í 
a C) 570)  58&() 59. (4) 60. 3) S mers a | —| —| =|= 
we me en «o «o Pete apa |e bw te pws fs 
^ i 67. (3) 68. (1) 69. (1) 70. (2) i q Bie t u | s mu ous Boss 
h i 72. (1) 73. (1) 74. (4) 75. (4) 3. LEN S t | "- — | =| — 
u "» ss (3) 78.0) 7.683)  890.(4) x ERRA 2| See S 
. (1) 82. f | = 
"i mo mo wo mo —— CU DH E Np [er IIS 
nim ) 8&0) 3890) 90, 3) To Value Type 
"D 22 3 
i - (3) 4. (10 S 
Multiple Correct Answers Type do) 7. (3) 8. (3) 9 : ! s 
1. (3,4) 2. (1,3) 3, (1,2,3,4) T ES 
4. (1,2 Fas 
i ) 5. (1,2,3) — 6. (1,3,4) ARCHIVES 
- (1,4) 8. (1,3) 9. (1.3.4 
10. (1,2,3,4) 1L (1,3,4) 12 (i "i PS RUE 
a 5:5. S (1,2,3 4) 
13. ' i 
16 (2,3,4) 14. (2,3) 15, (1,2,3,4) "Ingle Correct Answer Type 
. Pa 
" d 17. (4) 18. (1,2,3) I. (3) 
(1,2,3,4) 20. (1,2,3,4) 21, (1,2, 3,4) JEE Advanced 
22. (1, 2,4) 23. 2,3) — 24, (1, 2, 4) Single C 
(1,3. e 
25. (1,3) 26. (3,4) 27. (2,3, 4) . m Answer Type 
28. (2,3,4) — 29. P a 
31. (1,2 - 2 SMS Mul 
. (1,2, 4) 32. (3, 4) ultiple Correct Answers T 
Linked Comprehension Type 4 M (I, 2, 4) = 
. (4 : - 
1. (4)  2.(4) 3. (2) 4. (4) 8. (4) Numerical Value Type 
6. (1) 7. (1) 8. (3) Sce . l. (5) 


10. (4) 


1 


2 


3 
4 
5 


6 
- 


wo o0 


Stoichiometry 


—— ee 


OVERVIEW 


List of n-factor for some compounds 
1. a. H,C,O, as an acid (2H®), (n = 2) 


(w= weight of reactant \ 
Ew = Equivalent he ci 
of that reactant 


W 
. Eq (or) g Eq = Tw 
Ww 


y 
. mEq = LA x 1000 
Ew 


. Eq= Nx V(L) 
. mEq = N x I (mL) 
. Moles = Mx F(L) 


. Mmol = M x V (mL) 


Mw 


. Ew (equivalent weight) = —— 


n 
( Mw = Molecular weight) 
[n = n-factor or valency 
factor 


. Strength = moles x Mw or Eq x Ew (g L?) 
. N2-nx M 


. Equivalent(eq) of a gas, if volume is given: 


Volume of gas given in 
L or mL at STP ` 
~ Volume of (one) equivalent of a gas in 
L or mL at STP 
For example, the equivalent of 1.12 L of H, gas at STP is 


Eq 


(1 mol of H, gas at STP = 22.4 L) 

(1 Eq of H, gas at STP = 11.2 L, since n-factor = 2) 
(H, —> 2H® + 2e) 

The equivalent of 1.12 L of O, gas at STP is 


(1 mol of O, gas at STP = 22.4 L 
l Eq of O, gas at STP = 5.6 L, since n-factor = 4) 
(207 —25 O, + 4e") 


Note: Calculation of n-factor or valency factor has been 
described in Chapter 2. 


b. 


hansen 


H,C,O, as a reducing agent: 

C,047 —> 2CO, + 2e (n= 2) 
H,O, as a reducing agent: 

H,O, —> O, + 2e + 2H? (n = 2) 
H,O, as an oxidising agent: 

2H® + 2e + H,O, —9 2H,O (n= 2) 


3. KMnO, as an oxidising agent: 


a. 


b. 


c. 


MnO,° + 5e + 8H? —> Mn” + 4H,O (n - 5) 
(acidic medium) 
e+ MnO,° —> MnO,” (n- 1) 
(strongly basic medium) 


3e + MnO,” + 4H® —> MnO, + 2H,0 (n= 3) 


(neutral medium or mild basic medium) 


4. Na,S,O, as a reducing agent. 


a. 


28,0,^ —> S027 + 2e Ç 
(acidic medium) 

$,02°+100H —> 280,4 - 5H,O + 8e^ (n=8) 

(basic medium) 

S,0,” + SH,0—> 2HSO,° + 8e- + 8H® (n= 8) 
(neutral medium) 

FeSO, as an reducing agent: 

Fe** —-» Fet + e (n=1) 

As an oxidising agent: 

Pott 2e Fe (n = 2) 


6. Fe,(SO,), as an Oxidising agent: 


2Fe** + 2e 


> 2Fe™ (n = 2) 


7. HNO: 


a. 


As an acid: 

HNO, ——> H® (n= 1) 

As an oxidising agent (cone HNO,): 

e^t NO,? + 2H9 ——, NO, + H,0 (n= 1) 


c. Dil HNO,: 
i. 4H® + NO; Ə + 3e —9 NO + 2H,0 (n = 3) 
ii. With Zn, Fe, Sn, Dil HNO, gives N,O(g) 
2NO? + 10H® + 8e —> N,O + 5H,O 
(‘n’ factor = 8/2 = 4) 
d. Cold dil HNO,: 
TH® + 6e +NO,° —9 NH, OH + 2H,0 (n= 6) 
e. Very dil HNO,: 
10H9 + 8e + NO, > —» NH, 9 4:3]. O.(n 8) 
8. NaHC,O,: 
a. Asan acid: 
He 0, 9 H9 (n= 1) 
b. Asan reducing agent: 
C,02- — 2CO, + 2e (n 72) 
9. NaHSO,: 
a. Asan acid: 
HsO,——> H9 (n= 1) 
b. As a reducing agent: 
H,O + HSO,° —> SO," «2e + 3H® (n=2) 
10. MnO, as a mild oxidising agent: 
4H® + 2e + MnO, — Mn + 2H,0 (n = 2) 
11. KCIO,: 
a. As reducing agent: 
HO + CIO," —-— CIO a^ Ag t 2H? (n 72) 
b. Asan oxidising agent 
2H® + CIOS + 2e —9 CIO? + H,O(n = 2) 
12. As,O, as reducing agent: 
5H,O + As,0, —9 2A80, 3- + 10H® + 4e (n= 4) 
13. SO, asa reducing agent: 
2H,0 + SO, —> SO,” +2e + 4H® (n=2) 
14. HI as a reducing agent: 


| 2 
219 —> I, + 2e [»-i- ) 


15. L asa reducing agent: 
6H,O + I, 2—— 210," + 10e + 12H® (n= 10) 
16. (NH,),Cr,0, as an oxidising agent: 


Iodimetric and iüdometre bi essi 


ee (lodimetry) 


CuSO, (Iodometry) 


Titrating solution is Na,$,0,.5H,O (Hypo) 
L + 2Na,$,0, —> 2Nal + Na,S,0, 


or 1, + 28,077 — 21° + S04 
2CuSO, + 4KI —9 Cujl, + 2K,SO, + I, 


or 2Cu2* + AI? — Cu,L + I, (white ppt) 
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CHO + 6e + 14H® — 2Cr** + 7H,0 (n= 6) 


17. FeC,O, (ferrous oxalate) as a reducing agent: 


Fet ——> Fe* «e B 
7 _|(n=3) 
C,02- —> 200, + 2e 


18. Fe,(C,0,); (ferric oxalate) as a reducing agent: 
j= — 
Fe’ does not change 
19. KBrO, as an oxidising agent 
10 
12H9 + 10e- + 2BrO,? — Br, t 6H,O (n ur s) 
6H® + 6e” + BrO,? — Br? + 3H,O (n= 6) 
20. SeO,? as a reducing agent: 
H,O + SeO,2 —> SeO, + 2e + 4H® (n=2) 
21. AsO,° as a reducing agent: 
2ELO «PASO, > AsO,” 42e + AH? (n- 2) 
22. Cus (cuprous sulphide) as a reducing agent: 
Cu,S ——> 2Cu® +S” 
Cu, ——> 2Cu* 426 (n=8) 
2H,0+S* ——>SO, +6e + 4H® 
23. CuS (cupric sulphide) as a reducing agent: 
Cus —o Cu? «S7 
2- " (n - 6) 
S^ +2H,O —> SO, + 6e + 4H? 
24. Sn —> Sn?* + 2e (n = 2) 
Sn —> Sn^ + 4e (n = 4) 
25. Fe — Fe?” + 2e (n= 2) 
Fe —> Fet + 3e (n= 3) 
26. Cu —o Cu” + 2e (n= 2) 
Cu —o Cu!* +e (n7 1) 
27. Fe(NO,), (ferrous nitrite) as a reducing agent: 


| Be a Fe +2" 
2NO,9 —2 2NO,° «4e |=” 
28. Fe(NO,), (ferric nitrite) as a reducing agent: 


| Fe** does not change 
3NO,° — 3NO,° 4 6e" (n=6) 


29. KCIO, — KCI +O, (n - 6) 


n Relation between E. "5 
agent and reducing agent . 


2CuSO, zLba2Il9z 2Na,S,0, 


Ew of CuSO, = M 


Estimation of available Cl, 


in CaOCl, 


Cl, + 21? —> 2CI? +L 


MnO, present in pyrolusite 


M y 


CaOCl, + H,O —> Ca(OH), + Cl, 


Cl, + 2KI—> 2KCI +1, 


CL + 2KI —> 2KCI + L 
or MnO, + 4H? + 2CI? —> Mn** + 2H,0 + Cl, 
CL, + 21° —> L + 2C1° 
10,° PSIC +'6H® — 3L + 3H,0 


H,O, + 21° + 2H® —> I, + 2H,0 


Cl, 21 —> 2Cl® +1, 


„t 619 + 6H9 —— 3L + 3H,O 
CIO? + 2I? + 2H9 — H,O + CI? + L 


3 
CrOT. + 14H? + 61° — 3L + 2Cr" + THO 


Stoichiometry 3.3 
CaOCl, = CL, = L = 2I? = 2N2,S,0, 


Ew of CaOCl, = T 


MnO, + 4HCl (conc) ——. MnCl, + Cl, + 2H,0 | MnO, = Cl, = I = 21° = 2Na,S,0, 


Ew of MnO, = L 


10,9 =3L2 6I? = 6Na,S,0, 


Ew of MnO, = x 
H,0, #1, =2I° = 2Na,S,0, 
Ew of H,O, = = 
Cl, =1, =21° = 2Na,S,0, 


O, = 3L a6? = 6Na,S,0, 


_M 
Ew of O,= c 


Clo? =1,= 21° = 2Na,S,0, 


M 
Ew of CIO? = Ls 


Cr,077 = 3L = 6I? 
M 
6 


Ew of CoO; = 


3.4 Physical Chemistry 


3.1 INTRODUCTION 


In this chapter, basic concepts of solving stoichiometric problems 
are explained. Generally, two methods are employed for solving 
stoichiometric problems based on redox reactions: 


a. Balancing redox reactions followed by solving the problem 
as a simple balanced equation using the mole concept. 


b. Using the concept of gram equivalent or milli equivalent as 
used in neutralisation. 


mEq or g mEq of reducing agent = mEq or g mEq of 


oxidising agent. 


These involve mole concept, gram equivalent, and their 
applications in various chemical processes. 


3.2 GRAM EQUIVALENT 


According to the concept of gram equivalent or mEq, there is no 
need to balance a redox reaction. For example, 


A + B —C-«D 
Oxidising Reducing gom 
Agent Agent roune: 
ee ee 

Reactants 


1 gEqgofA=1gEqofB=1 gEqofC=1gEqotD 
or 


mEq of an oxidising agent = mEq of a reducing agent 


3.3 EQUIVALENT WEIGHT (EW) 
OF SOME OXIDANTS AND 


REDUCTANTS 


į: Potassium permanganate (KMnO,) 
(Atomic weight of K is 39, Mn is 55, and O is 16) 
a. It acts as an oxidising agent in acidic medium. 
5e? + MnO,” — Mn? (n = 5) 
- 39+55+16x4 158 
Ew(KMnO,/H?)=———— mca 
5 5 
b. It acts as an oxidising agent in strong basic medium: 


-31.6g 


le + MnO,” — MnO,” (manganate ion) (n 7 1) 


f 158 
Ew(KMnO,/ OH )= E =158g 
c. Itacts as an oxidising agent in dilute basic or neutral 
medium. 
3074 MnO," — MnO, (Manganese dioxide) (n = 3) 


158 
Ew(KMnO,) = EY = 52.66 g 


2. Manganese dioxide (MnO,) acts as oxidising agent in 
acidic medium. 
(Atomic weight of Mn is 55) 
2e + MnO, —~> Mn?* (n = 2) 


55+16x2_87 5g 
2 2 


Ew(MnO)) = 


3. Potassium dichromate (K,Cr,O,) acts as an oxidising 


agent only. 


(Atomic weight of K is 39 and Cr is 52) 
6e + 1,0 ——» 2Cr?*(n = 6) 


= = = 49.0 g 
Ew(Na,Cr,0,/H®) = BrirSbertTxl 
- 262 _ 43.662 


J 


4. Ferrous sulphate (FeSO,) acts both as an oxidising agent 


6. 


and a reducing agent. 

(Atomic weight of Fe is 56, S is 32) 
As an oxidising agent 

Fe?* + 2e — Fe (n= 2) 

Ew(FeSO,) = 56 4 = 16x4 _ u 


As an reducing agent 


= 76.08 


Fe2* —9 Fet + e 


2 
Ew(FeSO,) = zu =152.0 g 


. Ferric sulphate [Fe (SO 4)3] acts as an oxidising agent only 


2Fe?* + 2e- —— 2Fe?* (n = 2) 


2 32 Z 
Ew[Fe,(SO,)3] = 56x 2 +3(32+16x 4) 


a. Oxalic acid (H,C,O ,-2H,O) acts as a reducing agen! 
Mw of H,C,0,:2H,O = 2+2 x 12+ 16x4+2%18 
= 126.0 g 
Mw of H,C,O, = 92.0 g) 
Mw of Na,C,O, 


D 


t93]! 


Mw of C,0,° -900g 
Mw of CaC,O, 


Co = 2CO, + 2e (n= 2) 


Ew of H,C,0,2H,0 = 2° ~ 63.02 
2 2 t 


Stoichiometry 3.5 


eg ge mE 


iP 


a. 


92 
Ew (H,C,0,) = >= 460g 


9 
Ew of GOF = = = 45.02 


Oxalic acid acts as acids and reducing agent or oxidising 
agent in different experiments. For example, 
e 2- 
H,C,0, — 2H" * C04  (n-2,asan acid) 
H,C,0, —> 2CO, + 2e (n-2,as a reducing agent) 
(NaHC,O, or KHC,0,) 
Sodium or potassium hydrogen oxalate acts as acids 
and reducing agent or oxidising agent in different 
experiments. 
NaHC,0, —9 H? + Na? € C047 

(n = 1, as an acid) 
NaHC,O o> 2CO, + 2e (n=2, as a reducing agent) 
Nitric acid (HNO,) acts as acids and reducing agent or 
oxidising agent in different experiments. 


HNO, —À Ha NO; (n = 1, as an acid) 


Ew of HNO, = 1+ T di 3 - 63.0g 


. Nitric acid acts as oxidising agent. The equivalent 


weight of HNO, depends on dilution. 
a. Conc HNO,: 
NOP ee NO, (n= 1) 
Ew-63.0g 
b. Dil HNO,: 
NO.9--568-——9 NO (n= 3) 
Ew= ^ -21.0g 


c. Cold dil HNO,: 
6e + NO, NH,OH (Hydroxy! amine) (7 = 6) 


Ew = c -105g 


d. Very dil HNO,: 
& 
8e + NO ==> NH, (n= 8) 


Ew- 2- 7.875 g 


8. Sodium thiosulphate (Na,S,0;,) acts as a reducing agent. 


(Molecular weight of Na,S,O;, 


-2x2342x32*3 
« 16 = 158) 


(Tetrathionate ion) 


2 
For 2 mol of Na,S,03, 7 = 2, and for 1 mol = 5 =] 


158 
Ew of (Na,S,0,) = =~ = 158.0 g 


b. Ewof(Na,S,0,5H50) = ~~ i perium 


- 15810 = 248.08 


c. In basic medium: 
S04 — 28047 + 8e 


Ew (Na,S,0,/ OH ) = = -1975g 


d. In neutral or aqueous medium: 
$,0,7 —— 2HSO,° + 8e 
(Hydrogen sulphate ion) 
158 
Ew (Na,8,04) = r3 2195758 


9. Ammonium dichromate [((NH,),Cr,0,]: 


® 
NH, (ammonium ion) is oxidised to N, and cro 


(dichromate ion) is reduced to Cr,O,. 


2NH,9—9 N, + fé (n- 6) + BAE 


2x +8=+2 2x =0 
2x =-6 (Oxidation) (reducing agent) 
gue + 66 + C07" — CrO; + 4H,0 (n= 6) 
2x —14=-2 2x- 6-0 
2x — 12 2x76 


(Reduction) (oxidising agent) 


(NH,),C1,0, — N, + Cr,O; + 4H,0 


3.4 STOICHIOMETRIC CALCULATIONS 


In this section, we will discuss problems based on balanced 
chemical equations and application of mole concept. 

The analysis of a chemical reaction is generally carried out in 
the form of mass of reacting species taking part in a given reaction 
(gravimetric analysis) or in terms of concentrations of reacting 
species taking part in a given reaction (volumetric analvsis). 

In gravimetric analysis, we generally analyse reactions such 
as decomposition of compounds under heat to produce a residue 
and gas, displacement reactions, 
or simple balanced chemical equ: 


volume (gas) relationships. 


and action of acids on metals, 
itions involving weight (solid)- 


In volumetric analysis, we generally analyse neutralisation 


and redox titrations involving aqueous solutions in general. 


Neutralisation 

acid (or base) completely reacts with a 
lled neutralisation. If 
t, then neutralisation 


A reaction in which an 
base (or an acid) to form salt and water is ca 
HA is an acid, BOH is a base, and BA is a sal 
reaction can be represented as follows: 


HA + BOH —9 BA + H,O 
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Redox Reactions 

A reaction in which both oxidation and reduction take place 
simultaneously is called as redox reaction. A redox reaction always 
involves a pair of an oxidising and a reducing agent. 


Note: Redox reactions have been discussed in Chapter 2. 


Analysis of Meaning of Some Terms 


Moles of NaCl: NaCl > Na® + CI? 
l mol 1 mol ] mol 
— 1 mol of NaCl contains 1 mol of Na? (ion) 


and 1 mol of CI? ion 
—  2molofNaCl contains 2 mol of Na ion and 


2 mol of CI? ion 


Moles of CaCl,: CaCl, > Ca? + 2CI?9 


] mol ]: mol 2 mol 


=>  4mol 4 mol 8 mol 


x moles of H,SO,: H,SO,o 2H? + SO,” 


] mol 2 mol ] mol 


=> x mol 2x mol x mol 


3.4.1 Application of Mole Concept in a Balanced 
Chemical Equation 
Consider a general balanced chemical reaction or equation 
mA + nB —— pC + qD 

where A and B are reactants, C and D are products, and m, n, p, 
and q are stoichiometric coefficients. 

The above balanced reaction is analysed as follows: 
m moles of A react with n moles of B to produce p moles of C plus 
q moles of D. 

This can be represented (written) as: 


m moles of A = n moles of B =p moles of C = q moles of D 


Illustration of the Mole Concept 


What weight of KCl (potassium chloride) formed on heating 
12.25 g of KCIO,? Also calculate the weight of O, liberated. 


First write a balanced chemical equation for the decomposition 
of KCIO,. 
2KCIO, —— 2KCl + 30; 
(2 mol) (2 mol) (3 mol) 
From stoichiometry, we have 
2 mol of KCIO, = 2 mol of KCI = 3 mol of O, 
Mw(KCIO;) = 122.5 
12.25 


Wt. 
— ex (). moles = —— 
122.5 Mw 


moles of KCIO, = 
Mw(KCI) = 74.5 


Now, 
2 mol of KCIO, 22 mol of KCI 
= 0.1 mol of KCIO, = 0.1 mol of KCI 


[g = moles x Mj 
27.45 g of KCl is formed 
Similarly, 2 mol of KCIO, = 3 mol of O, 


2x 0.1 mol of O; 


— 0.1 mol of KCIO, 


= x 0.1 x 328 of Op 


Ill 


= 4.8 g of O, 


Problem-Solving Technique Using Mole Concept 
Follow the given sequence: 
1. First write a balanced chemical equation. 


2. Analyse the reactants and products according to their 
respective stoichiometric coefficients, i.e. m mol of A=n 
mol of B =p mol of C 2 q mol of D. 

3. According to the data given, proceed as explained in the 
above illustration. 

4. In stoichiometric problems involving gases, we assume all 
gases to be ideal and apply gas equation PV — nRT. 


(P is the pressure of gas in atm, V is the volume of gas inL, 
and T is the temperature in kelvin, and R is the universal 
gas constants having value 0.0821 atm L mol! K~!) 


a. At STP, the volume occupied by 1 mol of a gaseous 
compound is equal to 22.4 L (or 22400 mL). This is 
also called molar volume. If the pressure is 1 bar, the 
volume of gas is 22.7 L. 


b. Atroom temperature, 7=298 K, P= 1.0 atm, volume of 
1 mol of gas is 24.48 L. It is also called SATP (standard 
ambient temperature and pressure) conditions. If the 
pressure is 1 bar, the volume of a gas is 24.7 L. 


c. latm - 760 mm Hg column 

d. 1 atm = 1.01325 bar = 101.325 kPa = 101325 Pa 
= 101325 N m? 

e. lbar- 0.986 atm 


For example: 


Calculate the weight of CaO required to remove the hard-ness 
d L of water containing 1.62 g of Ca(HCO,,), in 1.0 L. 
ol.) Consider the reaction between CaO and Ca(HCO 
CaO + Ca(HCO,), —> 2CaCO, + H,O 
From stoichiometry, we have 


l mol of Ca(HCO,), = | mol of CaO 


3» 


= 2 mol of CaCO, 
Now moles of bicarbonate in 1.0 L of sample is 
1.62 
15; ^ 0-01 [Mw of Ca(HCO,), = 162] 
moles of CaO required for 106 L of water 
= 0.01 x 106 = 104 mol 
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nl 


moles of CaO required for 1.0 L of sample 


= 0.01 (from stoichiometry) 
grams of CaO = 104 x 56 = 5.6 x 105 g 
yield of a chemical reaction: In any chemical reaction, the 
' amount of product formed is always less than the calculated 
amount due to reversibilities in the chemical reaction. 
Therefore, the yield of a chemical reaction (Y) comes into 
picture and is given by 
y Actual yield of the product x 100 
Theoretical yield of the product 
6. Sequential reaction: In general, to get the desired product, 
the process follows a series of reactions in which the product 
of one reaction is taken as the starting material of the next 
reaction. These reactions are known as sequential reactions. 
For example: 


In the formation of ALO, from KCIO,, the following 
sequential reactions take place 
2KCIO, —— 2KCI + 30, NO, 
4A1+30, —— 2ALO, (i) 
Oxygen produced in reaction (i) is taken as the starting 
material for reaction (ii). 


Yield in a sequential reaction: If a sequential reaction in 
the formation of a compound B from a compound A follows 


EE 


(intermediate)1 
y% 
B, intermediate) | B intermediate)2 
0 
B LES S B 


(intermediate), 
where x% and y% are yields of the respective reactions in 
the process chain, then the yield of the reaction 


y 96 


40 


is given by the product of the yields of all the intermediate 
reactions, i.e. 


( x y k 
Y% = | —— x -— x ... x — | x 100° 
e= lioo 100 E)” a 
H,SO, acts as 
i. An acid 


ii. An oxidising agent 
iii. A dehydrating agent 


Select equations from the following which explain each type of 
behaviour. 


a. 5H,SO,(conc) + 4Zn —> 4Zn2* + H 9 


+480,” + 4H,0 
b. H,SO,(dil) + Zan —» Zn” +H, +802 


C C H0, Sco y 6C + 6H,O 


d. H,SO,(dil) + ZuCO, —o Zn?^* + CO, +S02>+H,0 


a. H,SO, acts as oxidising agent, in which SO,’ is reduced 
to S% (sulphide ion) 
8e + S02. — S* 
x-8--2 x=-2 
x=6 


b. H,SO, acts as an acid and an oxidising agent. All strong 
acids can liberate H, with an active metal such as Zn, 


unless another part of the molecule is more easily 
reduced. 
Tna Zar" + 2e 
2H® + 2e —> H, 

c. H,SO, acts as a dehydrating agent since it removes H,O 
from CH 206: 

d. H,SO, acts as an acid since Zn2* in ZnCO, and SO; 
in H,SO, does not change, only H® ions in H,SO, reacts 
with CO, to give CO, and H,O. 


2H® + CO,” —> CO, + H,O 


a. NaBr on reaction with conc H,SO, gives SO,, HBr, and 
Br,, whereas NaCl with conc H,SO, gives HCI but no CL 
or SO, is produced. Explain. 


b. Which of the following reactions occur? 
i Br,-*2NaCl —9 Cl, + NaBr 
ii. Cl, + NaBr —» Br, + 2NaCl 


a. Since the reduction potential of F, > Cl, > Br, > L, F, can 
oxidise CI^, Br?, and IY but not vice versa. Similarly, 
Cl, can oxidise Br^ and I° but not vice versa. Likewise, 
Br, can oxidise I" only but not vice versa. 


Br^ is more easily oxidised than Cl-. So NaBr (Br~) 
on reaction with conc H,SO,, undergoes oxidation to 
Br, whereas HSO,(SO," ) is reduced to SO,. So the 
reaction of NaBr with conc H,SO, is as follows: 


Br” + H,SO,(conc) —> HBr + HSO; 
2Br° + 3H,SO,(conc) —> Br,+SO,+2H,0+2HSOF 
Reaction of NaCl with cone H,SO,. 
Cl + H,SO,(conc) —9 HCI + HSO, 


b. From the above equations it is clear that Br® is more 
easily oxidised than Cl’. 


Hence, Cl, will oxidise Br but not vice versa. So 
reaction (11) is feasible. 


Br’ + Cl, — Br, + 2CI? 


Cl° + Br, > Cl, + 2Br^ 
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Which of the following is correct? 
i. Aqueous solution of Na, S40, on reaction with Cl, gives 


a. Na,SO, b. NaHSO, C. NaCl d. NaOH 
ii. Acidic solution of Na,S,O, on reaction with Cl, gives 

a. Na,S,O, b. NaHSO, «€. Na,SO, d. NaOH 
iii. Basic solution of Na,S,O, on reaction with Cl, gives 


a. NaOH b.Na,SO, € Na, SOF d. NaHSO, 


^ 


i.a. S.O; oxidised to HSO}, 


- jn aqueous or neutral medium is 
and Cl, is reduced to CI. 
S0; + Cl, —> HSO,° + 2C19 


or 
Na,$,0, + 4Cl, + 5H,O —> [2NaHSO, | + 8HCI 


S,O,7 in acidic medium is oxidised to sor 
(tetrathionate ion), and C L is reduced to Cl°. 


25,07 =S 2e 
Cl, + 2e —> 2€1° 
28,04 4 Cl, —> S406 + 2CI? 


or 2Na,S,0, + CL — + 2NaCl 


iii. c. S,O," in basic medium is oxidised to SO, , and 
CL, is reduced to cr, 


100H +S,0,2> —> 250+ 5H,0 + $e 
2€. + Cl, — 2019] x 4 


S.O2- - 100H + 4Cl, —> 2S0, + 8CI° + 5H,O 


Or 
e a + JONaOH + 4Cl, ——>+]|2Na,SO,|+8NaCl] + 


ae) 
z 


Complete and balance the following equations in basic solution: 
Hg.(CN), + Ce —+ CO, + NO, * Hg(OH), + Ce?! 
a. By considering the carbon in Hg,(CN),, in —4 oxidation 
state and the nitrogen in +3 oxidation state, 
b. By considering © in +4 oxidation state and N in +5 oxidation 
state 
c. By considering Hg in +2 and C in -4 oxidation state, 
d. Explain why the same result is obtained regardless of the 
choice of oxidation state. 
= He CN 44 3 45 42 
y^ Hg;(CN);, —> CO; + NO, + Hg(OH); 
a. If the oxidation state of C is —4 and that of N is +3 
then the oxidation state of Hg is +1. In the products, 


oxidation numbers are +4, +5, and +2, respectively. The 
total increase in oxidation number is 22 


c — i 


Y 


oe ee 
b. Hg (CN), —2 CO? + NO, + Hg(OH), 


If the oxidation state of C is +4 and that of N is +5, then 
that of Hg must be -9. 
nly element oxidised is Hg, and the tota] 


Then the o 
gain 22. 


ase in oxidation number is a 
—9, is impossible, but jt 
dation number. 


incre 
The oxidation number of Hg, 
still gives the same change in oxi 
If the oxidation state of Hg is +2 and C is —4, then that 
of N must be +2. The oxidation still involves +22 change 
in oxidation number. 

d. Nomatter which set of oxidation number is used, as long 


as they total zero, the charge on the Hg,(CN),, the same 
number of electrons must be added to the half reaction, 


4x2 _______+__» 2C0,°"+ 16e 


C, 8 —(-8)=16e" 
2x--8 2x- 127-4 
2x =8 
ae Os de 
2x=6 2x —- 12 =-2 
2x = 10 
ix? 2 2 
Hg; 4-2-2e 2Hg(OH), + 2e 
2x-2 2x-4=0 
2x 24 


Hg,(CN), —————9 2COj--2NO, 
+ 2Hg(OH), + 22€ 


Now balance in basic medium: 


First balance charge by adding 28 OH to LHS and then 
balance the oxygen atom by adding 12H,O to RHS. 


©) 
280H + Hg,(CN), —> 2CO; + 2NO; + 2Hg(OH). 


*22e- + 12H,O . 
Now balance the reduction reaction 
22e- + 22Ce** —_» 223+ (ui) 


Add Eqs. (i) and (ii) to get the final redox reaction 


22Ce** + 280H + Hg : 
H +Hg,(CN), —> 2CO,- 2NO;> 
+ 2Hg(OH), + 12H50 


I t 


a. [Fe(CN) ]- 4 H®. 7 


b. Cu,P 4 CO Cu?* + H.PO, + Ct 
c. PLS, + H®- on 
4' 6 + NO - 
3 —> NO +HLPO + 
d. AuCl; + Zn—> Au + Zp?* + diii i 


o 
© Zn* OH —> zn(OH)2-+9 


P 
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Balance Eq. (i) in acidic medium. 


- sz 
LUN TNO 28H,0 + P,S, —> 4H,PO, + 6SO, + 44e + 44H 


- 
a a Balance the half reduction reaction of NO,° to NO. 
ro —A Osa ?900t48e i) 4H® + 3e- + NO,°—> NO + 2H,0 (iii) 
x-6--1 x -2-70 
6x =-24 6x -24=0 ees e 
43x6 y3 e: 7 Multiply Eq. (ii) by 3 and Eq. (iii) by 44 and add them 
Ne oisi ? NO, + 12e (ii) to get the final redox equation. 
ony bicis 3P,S, + 44H9 + 44NO,° —> 12H,PO, + 44NO + 1850, 
6x =30 + 4H,0 
Fe — Fe +e .. (iii) r | B a) — > Au 
nu""——————— 
r e] —> 6CO, + 6NO,° 61e" + Fe? (iv) | 3e- + Au** — Au j 2 
Sie E DE E: Zn —> Zn^ «2e |x3 


Balance Eq. (iv) in acidic medium. 


30H,0 + [Fe(CN),]" —9 6CO, + 6NO,° + Fe?* 
o 
+ 6le + 60H ]x 5 ...(v) 


Balance the reduction reaction of MnO,° to Mn?* 
8H? + 5e + MnO? — Mm? + 4H,0] x61 ...(vi) 
Add equations (v) and (vi) to get the final redox reaction. 
S[Fe(CN) I^ + 188H® + 61MnO,? —9 SFe?* 
+ 30CO, + 30NO,° + 61Mn?* + 94H,O 
+1x3 -3 
b. (Cu, P) —> 3Cu2* + H,PO, 
Cu — 3Cu2* + 3e 
3x =3 3x =6 
p>» H,PO, + 8e 
x=-3 3+x-8=0 


x=5 


Cu,P—> 3Cu2t + H,PO, + lle 


Balance the half oxidation reaction in acidic medium. 
4H,0 + Cu,P —> 3Cu** + HPO, + Ile + 5H? 


di) 
Balance the half reduction reaction of Cr, O7 to 26r" 
14H® + 6e + CO; —92Cr* -7HjO (ii) 


Multiply Eq. (i) by 6 and Eq. (ii) by 11 and add them to 
get the final redox reaction. 
6Cu,P + 124H® + 11 CO; —> 18Cu** + 6H,PO, 
+ 22CP* + 53H,O 
+3x4 2x6 
c. P, S; —o H,PO,+ SO, 
+12 
p, —94H,PO, + 8e 
4x = 12 12 + 4x - 32-0 


4x= 20 
-12 
S, —> 680, + 36€ 


6x --12 6x —24=0 
6x = 24 
PS, —— 4H,PO, + 6SO, + 44e à 
"mu 


JAn +3Zn —> 2Au * 3Zn^* 


To balance other ions add 8CI^ to both sides 
2AuCI? -3Zn — 2Au + 3Zn2* + 8CcIe 


Zn is oxidised to Zn?*, so H,O is reduced to OH and 
1/2H,. 
e. Zt Zu + K 


>o ] 
E FLO On «Iu, «2 


© 
Zn +2H,O—> Zn™ +20H +H, 


© 
To balance other ions, add 20H to both sides. So the 
net balanced redox equation is 


© 
Zn + 20H +2H,O—> [Zn(OH),]" +H, 


CONCEPT APPLICATION EXERCISE 3.1 


Subjective Type | 
1. Balance the following equation in basic medium 


NH, +0, —> NO + H,O 

In the commercial preparation of HNO, by Ostwald 
process, the above reaction is carried out directly in the 
gaseous state. Explain why the same equation describes 
the direct reaction and the reaction in basic medium? 


. CN? is oxidised by a strong oxidising agent to NO,° and 


CO, or CO;” depending upon the acidity of the reaction 
mixture. HNO,, a strong oxidising agent is reduced by 
a moderate reducing agent to NO. Write the balanced 
equation of HNO, with KCN. 

CN° —> CO, + NO,° 

NO,? —9 NO 

If this reaction is carried out, what safety precautions are 
required? 


3. Complete and balance the following equations: 


a. Bi(OH), + SnO% —o Bi + SnO” 
(basic medium) 


b. [Fe(CN),]* + C507 —9 Fe** + Cr* + CO, + NO,° 


c. V— > HV4O,2- +H, (basic medium) 


d. P,H, —o PH, + P4H, 
e. Ca,(PO,), + SiO, + C —9 CaSiO, + P, + CO 


^ ANSWERS _ 5: 
Subjective Type 
1. 50, + 4NH, —> 4NO + 6H,0 
2. 3CN? + 10H® + 7NO,? —> 3CO, + 10NO + 5H;O 
3. a. 2Bi(OH), + 3SnO,?™ —> 2Bi + 3Sn0,* + 3H,O 
b. 80H® + [Fe(CN),]* + 10Cr,0,7> + 6CO, + 6NO,° 
+ Fe3+ + 20Cr^* + 40H,O 


30H + 14H40 + 6V —9 HV,0,,> + 15H; 


d. 5P,H,—> 6PH, + P,H, 
10C + 2Ca,(PO,), + 6SiO, — P, + 10CO + 6CaSIO, 


3.4.2 Ew of Substances that Act Both as Oxidising 
and Reducing Agents 


1. H,O, is a good analytical reagent because it acts both as an 
oxidising agent and a reducing agent and its action depends 
on the nature of other reagents with which it reacts. With 
strong oxidising agents such as KMnO, and K,Cr,0,, it 
acts as a reducing agent, while with strong reducing agents 
such as KI, Na,C,O0,. it acts as an oxidising agent. 

i. H,O, (Hydrogen peroxide): 

H,O, as oxidant — H,O 

H,O, as reductant —9 O, 

H,O, as oxidant in acidic medium 

2H® + 2e + H,O, —9 2H50 (n = 2) 

Ew- 2x1*2x16 34 70g 

2 2 
H,O, as oxidant in basic medium 


© 
2H,O + 2e + H,O, —> 2H,O + 20H (n= 2) 


ES 


Ew -— =17.0 
w 2 g 


H,O, as reductant in acidic medium 
H,O, — O, t 2H® + 2e (n-2) 
34 
Ew = —-17.0 
w= g 
H,O, as reductant in basic medium 
20H + H,O, — O, + 2H,0 + 2e (n= 2) 
Ew= ad =17.0g 
2 
a. Some important reactions of H,O, as oxidising agent: 


i S2-+H,O, > SO; + H,O 
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ii AsO? + H,O, —— AsO,” + H,O 


Arsenite Arsenate 
Nitrite Nitrate 
iv. SO2- + H,O, —9 SO,” + H;O 
Sulphite Sulphate 
2Fe?* + H,O, + 2H9 —»Ó 3Fe"* + 2H,0 


21° + HO, + 2H? —9 I; + 2H,0 
+ H,O, + 2H®—> 2[Fe(CN),]*-+2H,0 


Ferricyanide 


V. 

vi. 

vii. 2[Fe(CN),]* 
Ferrocyanide 


viii. CrO; + 4H50; + 2H9 —> 2CrO, + 5H,0 


Ice cold € 
2) 


ix. Mn?* + HO, + 20H —— MnO, + 2H,O0 
b. Some important reactions of H,O, as reducing agent: 
Ag,O + H,O, —? 2Ag + H,O + O, 
ii. O, + H,O, — 20, + H,O 
iii. 2MnO,° + 6H? + 5H,0, —> 2Mn** + 8H,O + 50, 
Pink Colourless 
Cl, + HO; —> 2HCI + O, 
(Antichlor property) 


o 
v. 2[Fe(CN),P- + H,O, + 20H —> 2[Fe(CN),]- 


+ 2H,0+ O, 
vi. C0; + 8H? + 3H,0, —9 2Cr^* + 7H,0 +0, 
Orange Green 

vii. MnO, + 2H? + H,O, —> Mn?* + 2H50 +O, 

. Nitrous acid (HNO,) acts both as an oxidising and a 
reducing agent. 
As oxidising agent: HNO, + e —? NO (n= 1) 

Eye wee’ -470g 


As reducing agent: HNO, —> NO,° + 2e 
Ew — = = 23.5 2 


3.4.3 Ew of Substances in which Both Cations and 


Anions are Oxidised 
1. In ferrous oxalate (FeC,O,), both F e?* ions and CO, 
ions are oxidised, so n-factor is the sum of electrons in both 
oxidation reactions. 
Fe? —— Fe?* + le^ (n= 1) 
C,04 —— 2CO, + 2e (n - 2) 


FeC,0, > Fe?*-2CO,-3e  (n-3) 


Ew (FeC,O,) = wee = = = 48.0 g 


2. However, in ferric oxalate [Fe,(C,O,),] only C0; 
are oxidised to CO, not Fe?* ions. 


~ jons 


3C,04- —> 6CO, + 6e" (n = 6) 
Mw of [Fe,(C,0,),] = 56 x 2 +3 x 88 = 376 | 
| 


376 
Ew [Fe,(C,0,)3] = Ue = 62.66 g 


cuprous sulphide (Cu,S), both Cu® (cuprous ion) and 
(sulphide ion) are oxidised. 

Cult —> 2Cu** + 2e (n 7 2) 

s2-—> SO, + 6e (n = 6) 
Cu,S—— 2Cu2* + SO, * 8e (n—8) 
LL oo 

2x 63.5+32 159 

: = ~~ = 19.8758 


3, In 
S^ 


Ew (Cu,S) = 
4, In cupric sulphide (CuS) only S% ions not Cu? is oxidised 
to SQ). 
Sg—3 SO, * 6c (n — 6) 
63.5432 95.5 
(6 


Ew (CuS) = T 


5. In Arsenic sulphide (As,S,) both As** and S?- ions are 
oxidised in basic medium. 
2As°* —> 2AsO0,* + 4e (n = 4) 


(Arsenate ion) 


=15.91g 


2x=6 2x-16 --6 
2x =10 

3S- —> 3S0,7 + 24e (n = 24) 
3x--6 3x-24 --6 


| =18 

MON. M 
As,S, —> 2As0, «3S0; «28e (n-28) 

Atomic weight of As = 74.92, S = 32 

[Mw (As,S,) = 2 x 74.92 + 3 x 32 = 245.84] 


245.84 


Ew (As,S,) = ——— = 8.78 
w ( 583) 2 8 


3.4.4 Ewof a Compound in a Disproportionation 
Reaction 
When the number of electron transfers is different in oxidation 
and reduction half reactions: l 
First method: Let compound A or ion A undergo disproportionation 
reaction to give X and Y ions, respectively, in oxidation and 
reduction reactions involving n, and n, number of electrons in 
oxidation and reduction reactions. 
A —2 X + n, (oxidation) 
A+n,—>¥ (reduction) 
The equivalent weight of such reaction is shown below: 
mE | Molecular weight of A , Molecular weight of 4) 


n n 


Br, undergoes disproportionation reaction in basic medium to 
give Br? ion and BrO,,” (bromate) ion in reduction and oxidation 
reactions. 


So Br, + 2e —> 2Br^ (n = 2) (reduction) 


© 
Br, + 120H —> 2Br0,® + 6H,0 + 10e (n= 10) 


. (oxidation) 
First method: 


Mw (Br) m Mw (Br, ) 


2 10 


2 10 


Alternatively, Ew (Br) 


Eod 
Mw (Br,) * 10 


Mw (Br ) 9 
went 10 


 80x2x6_ 


96 
10 d 


*. n-factor of Br, = * 


Mw (Brz) 
mean n-factor 


_ Mw (Br) 


^. Ew (Br,) = me" 


_ 6 x Mw (Br) 
i 10 


Second method: 
Effective molecular weight of a substance A 
d Number of electron transfer 
where effective molecular weight of A 


( Total molecular weight \ (Total molecular weight | 
of A in reduction | 


F 


of A in oxidation 


half reaction half reaction } 


For example: 
[Br, + p — — 2Br^] x 5 (Reduction half reaction) 


© 
Br, + 120H —> 2BrO,° + 6H,0 + le 


© 
6Br, + 120H —> 10Br° + 2BrO,- + 6H,O 
l 2 = 


Total change in number of electrons = 10 
Effective molecular weight of Br,= 5 Mw (Br,) + Mw (Br,) 


6 ) ^ X 8 x 2 
Aw (Br) = Mw (Br) 6x80x2 y. 
° 10 10 ~ 


<. n-factor of Br, = - 


P, undergoes disproportionation in basic medium to give PH 
(phosphine) and H,PO,” (dihydrogen hypophosphite ion) 
Atomic weight of P is 31. 


p,— 4H,PO, + 4e (n= 4) (oxidation) 
124 +t P, 4PH, (n= 12) (reduction) 


First method: 
Ew (P,) = Mw (P4) " Mw (P4) 
4 12 
31x4 31x4 
= + 
4 12 
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- 314231410337 41.338 


Alternatively, 


] |] | 
Ew (P,) = mepi + D = Mw(P4) a 


<. n-factor of P, = 3 
Second method: 
P,—Ó 4H,PO; + 46 ] x 3 
12e + P, —9 4PH, 
4P,— 4H,PO,° + 4PH, 
Total change in number of electrons = 12 
Effective molecular weight of P, = Mw (P,) + 3Mw (P4) 


= 4Mw (P4) 
! 4Mw(P,) 4x4x3l1 
Ew (P) = ————- = ————— = 41.33 
w (P4) 12 12 
2 
-. n-factor of P} = --3 


RE ———— 

3.4.5 Ewofa Compound in which Electron Transfers 
are Same in Oxidation and Reduction Half 
Reactions 


H,O, undergoes disproportionation in acid medium to give O, 
and H5O. 
H,O, —> O, + 2e + 2H? (n = 2) (oxidation) "m 
2e- + 2H? + HO, —> 2H,0 (n = 2) (reduction) ...(ii) 
First method: 
Mw (H50;) n Mw (H50;) 


Ew (H40,) = 
ung 2 2 


= Mw (H,0,3) E + 1) 
= Mw (H,0,) = 34 g 
Hence, n-factor of H,O, in disproportionation reaction is 1. 
Second method: 
Adding Eqs. (i) and (ii), we get the net equation as follows: 
2H,O, — > O, + 2H,O 


Total change in number of electrons = 2 
2 x 34 

Ew (H40,) = E -34g 

Thus, n-factor of H,O, in such case is 1. 


3.4.6 Ew of a Reactant when a Part of it is Used 
as an Oxidising Agent or Reducing Agent 
and the Remaining Part is Consumed in the 
Formation of Products 


A+B —>C+D+E 


+1 +6 


t j= +1 -1 +1 -1 43 -I 0 
K, Cr, 0,’ + 14HCI —> 2KCI + 2CrCl, + 3Cl; +7H,O 


KCI. So the concept of mEq has to be used carefully. 


2HCI—> Cl, + 2H? + 2e 


D. 
Ew (HCl) = Me” is wrong 


In such cases, proceed as follows: 


First method: 
Use direct formula for such problems. 


(n-factor of CrO =6) 


(6e + c0; —9 2Cr** ) 
<. n-factor for HCl 
_ factor of CORO (oxidising agent) 


Number of moles of HCl in 
balanced mole equation 


60 3 
"i4 7 
Therefore, Equivalent weight of 1 mol of HCl 
_ Mw (HCl) _ 36.5 x 7 — 85.16 
3 
7 


Second method: Balance the ionic equation 
CO; 14H? + 6e —— 2Cr3* + 7H50 (n= 6) (1) 
2HCI —o Cl, + 2H? + 2e 


Note: n-factor for HCl + 1 
Let the n-factor of HCl be x 
According to Eq. (1), 
1 mol of CO? = 14 mol of H® (from HCI) ...(ii) 
1 Eq of K)Cr,O, = 1 Eq of HCI 


1 l 
=> " mol of K,Cr,O, = P mol of HCI ...(ili) 


From Eq. (ii), 


] ; l 
- mol of K,Cr,0, = 14x 2 mol of HCl 


1 
= — mol of HCl 
x 


n-factor of HCl = 3 
7 


+l 47 -2 +l -1 +2 -l 0 -1 
2 Na MnO, +16 HCI —— 2MnCl, + 5CI, +2 NaCl 
+ 8H,O 
. Here, CI? from HCI goes to MnCL, CL, and NaCl. 
First method: (n-factor of MnO,? = 5) 


3e + MnO,? + 8H? —_ Mn? + 4H,0 


n-factor of 2MnO, (oxidising agent) 
Number of moles of HCI in 


balanced mole equation 


n-factor of HCI = 


2x5 5 
16 8 
5 cond method: Let the n-factor of HCI be x. 
e 


2 mol of NaMnO, = 16 mol of HCI 
| mol of NaMnO, = 8 mol of HCI 
| Eq of NaMnO, = | Eq of HCI 


ED 


l . 
1 mol of NaMnO, = — mol of HCl 
X 


From Eq. (i), we get 


1 mol of NaMnO, = 8 x z mol of HCI = X motýl 
X 


CONCEPT APPLICATION EXERCISE 3.2 


Subjective Type 
1. Calculate the equivalent weight of the underlined species 
in the following unbalanced reactions: 
Br, + OH —— Br? + BrO; (basic medium) 
HCuCl, — Cu +Cu?* + 4CI? + 2H® (acidic medium) 
MnO,” — MnO, + MnO,” (acidic medium) 


KCIO, —> KC! + O, 

What is the equivalent weight of (i) Fe(HC,O,),, 
(ii) Fe(HC,O,), as reducing agent and acid. 
Equivalent weight of CL, is 42.6 in the following 
disproportionation reaction: 


yp ppp 


= 


CL + OH —> CI? + H,O + ? (oxidised product) 
Identify the oxidised product. 
c. What is the equivalent weight of K,S,0, in the reaction 
with L, in acidic medium? 
3. a. What is the equivalent weight of H,PO, when it 
disproportionates into PH, and H,PO,? 
| b. What is the equivalent weight of H,PO, when it acts 
as an acid? 


Subjective Type 
1.a.106.66 — b.271 c. 178.5 d. 20.42 
2. a. (i) 46.8, 117 (ii) 53.83, 107.6 
b. ClO,° c. 190 
3. a. 49,5 b. 66 


wv tw iw. 


illustrations of the Concept 
me of 0.1 M KMnO, is required to o 
medium? 


xidise 100 


1. What volu 
mL of 0.2 M FeSO, in acidic 

The reaction involved is 
‘Soh ` Se- + MnO,^ — Mn?* (n= 5) 
(reduction or oxidising agent) 


Fe2t — Fet+e (n= 1) (oxidation or reducing agent) 


MnO,° = Fe?' 
mEq = mEq 
N,V (mL) = N,V (mL) 


V (mL) x 0.1 M x 5 (n-factor) = 0.2 M » 1 (n-factor) 


x 100 
0.5 V, € 0.2 x 100 
y, 240 mL 


2. What volume of 0.2 M K,Cr, 
mL of 0.3 M Na,C,0, in acidic medium? 


“Sol. | The reaction involved is 


— 2Cr (n= 6) 
(reduction or oxidising agent) 


O, is required to oxidise 50 


6e + CrOj4- 


C,02- —9 2C0, * 2e (n= 2) 


(oxidation or reducing agent) 


C502. 2C,0,7 
mEq = mEq 
N,V (mL) = N; V,(mL) 
0.2 M x 6 (n-factor) x V, = 0.3 M x 2 (n-factor) x 50 mL 
1.2 V, =0.6 x 50 
y, 225 mL 
3. 5 mL solution of H,O, liberates 1.27 g of iodine from an 
acidified KI solution. What is the molarity of H,O,? 
"Sol. HO, = KI 2L 
mEq = mEq = mEq 
Weight of I, 3 
= ——— — ——- x 10° mEq 


N,* V= 
Ew (Ll) 
3 a e P — 
N,x5mLz 127x10 (n-factor of I; = 2) 
127x2 OF ———» I, d 2e ) 
2 
Normality of H,O, = 2 N 
Molarity of H,0, = Semet LM 
` 9 


t 


(n-factor of H,O, = 2) Qe- + HO, ——) 2H,0) 

4. How many moles of KMnO, will be required to react 
completely with 1 mol of K,C,O, (potassium oxalate) in 
acidic medium? 


BER vno, = 60 
| Eq=1 Eq 


(n-factor — 5) (n-factor = 2) 
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2 mol = = mol 
2 


[N 


» 1 mol of C,04- = = mol of MnO,” 


N 


5. How many moles of H,O, will be required to react 
completely with 1.5 mol of K[Cr(OH),] (potassium 


tetrahydroxochromate (1)) in basic medium? 


| Sol. [Cr(OH),]° is oxidised to CroO, (chromate) ion. 
[Cr(OH),]°—— CrO m -3e- (n = 3) 


y-4--1 x -85-2 
x=3 x=6 
2e + H0, —> 2H,0 (n = 2) 
[Cr(OH),]° = H,O, 


(n-factor = 3)  (n-factor = 2) 


1 mol of [Cr(OH),]° = mol of H,O, 
3 
— X 
2 
6. What volume of 0.1 M KMnO, is required to oxidise 100 
mL of 0.3 M FeC,O, (ferrous oxalate) in acidic medium? 


1.5 mol of [Cr(OH),]° = 1.5 = : mol of H,O, 


Fe2* — Fe** «e 
n-factor = 3 


5e +Mn0?— Mr?* (n = 5) 

MnO,?z Fe?* 

1 mEq =1 mEq 

N,V, mL) =N, V (mL) 

0.1 x 5 (n-factor) x V, = 0.3 x 3 (n-factor) x 100 mL 

y,- 0.3 x 3 x 100 
0.1x 5 


7. How many moles of FeC,O, are required to reduce 
2 mol of KMnO, in acidic medium? 


INN FeC,0, = MnO,” 
] Eq 2 1 Eq 
z mol = L mol 
3 5 


=180 mL 


] mol of KMnO, = : mol of FeC5O, 


10 
2 mol of KMnO, = 3 mol of FeC,O, 


8. 100 mL of x M KMnO; is required to oxidise 200 mL of 
0.2 M ferric oxalate in acidic medium. What is the normality 
of KMnO;? 


43 2- 
Sol. Formula of Ferric oxalate = Fe; (C204 )s 
Fe?* ion does not oxidise, whereas C,0/ ion oxidises to 
CO,. 


3C,04- —> 6CO, + 6e (n = 6) 
5e + MnO,° — Mn?* (n= 5) 
MnO,° = C;04^ 
| mEq = | mEq 
N,V (mL) = N; V (mL) 
x x 5 (n-factor) x 100 mL = 0.2 x 6 (n-factor) x 200 mL 
pa 0.2 x 6 x 200 _ 24 M 
5 x 100 50 
24 

Normality = x M= D SUN 
9. What volume of 0.2 N KMnO, is required to oxidise 10 mg 

of ferrous oxalate in acidic medium? (Molecular weight of 

FeC,O, is 144 g) 
jJ) n-factor of FeC;O, = 3 

n-factor of MnO,° = 5 

(Since normality of MnO Ne is given, so n-factor of MnO,* 

is not required) 

MnO,? = FeC;O, 
] mEq = 1 mEq 
Weight 

Equivalent weight 


N,V (mL) = x 10? (mEq) 


10 x 10? g x 10° 


0.2 N x V, (mL) = Im 
3 
10 x3 
V, = Jos. 09 siint 
144x 0.2 288 


Volume of KMnO, - 1.04 mL 

10. What volume of 0.1 M K,Cr,O, is required to oxidise 
50 mL of 0.2 M Cu,S (cuprous sulphide) in acidic medium 
to give Cr>*, Cu?*, and SO,(g)? 


2Cu® — 9 9Cu^* 4 28 


Sol.) | n-factor = 8 
S7 — SO, + 6e 
6e + Cr, O7" —o 2Cr** (n = 6) 
Cho = Cu, S 
l mEq = 1 mEq 
N,V (mL) = N,V,(mL) 
0.1 x 6 (n-factor) x V, = 0.2 x 8 (n-factor) x 50 mL 


0.2 x 8 x 50 
V, = ———- 
l O1x6 133.33 mL 


11. How many moles of K,Cr,O, are required to react 
completely with 2.5 mol of Cu,S in acidic medium? 


T CHO? » Cus 


l Eq=1 Eq 


1 1 
— mol = — 
Ze OE 


8 
| mol of Cu,S = c mol of Cr, O^ 


2.5x8 
2.5 mol of Cu,S = E = 3.33 mol 


Moles of K,Cr,0, = 3.33 mol 
12. What weight of KMnO, is required to react completely with 
500 mL of 0.4 M CuS in acidic medium? 
Cu?* is not oxidised but S?- ion is oxidised to SO,. 
n-factor = 6). n-factor for KMnO, = 5 
(Mw of KMnO, = 158 g mol!) 


CuS = KMnO, 
| mEq = 1 mEq 
Weight 
V, (mL) = ————— — — x10? 
(mL) Equivalent weight oon ae 


Weight x 10° 
158 
* 3 


0.4 x 6 
-. Weight of KMnO, = p 31928 


5 x 1000 


In a chrome plating plant, CrO "d (chromate) ions are present 
in waste water. The chromate ions are reduced to insoluble 
chromium hydroxide, Cr(OH),, by dithionate ion, $,0,7- in 
basic medium. 


0.4 x 6 (n-factor) x 500 = 


o 
CrO; + S,0, OH + H,O —e Cr(OH), + S0, 


10 L of water requires 522 g of Na,S,O,. Calculate the normality 
and molarity of CrO,*" in waste water. Also express the 
concentration of Na,CrO, in ppm. 


$07 —o BO «2e 


‘Sol. 2x-8--2 2x-12=-4 (n=2) 


2x=6 2x =8 


x-8=-2 x-320 


CrO} + 3e ——> Cr(OH), 
(n=3 
x=6 x =3 


Mw (Na,S,O,) =2 x 23 +2 x 32+16x4=174g 


(Ew - | 
2 
S0 200; 
Eq = Eq 
Wei 
^ «(A 
Equivalent weight 
522 
pa =" 
: 2 
» 6Eqof $,0,2- = SEAof CrOZ 
10 L of water 
6 <i 
= —=0.6EqL 
BET q 


Stoichiometry 3.15 


. Normality of CrO, =0.6N 
No v 0.2M 
n-factor 3 
Strength of Na,CrO, = M x Mw 
(Mw Na,CrO, = 2 x 23 + 52+ 16x 4= 162 g) 
= 0.2 x 162 = 32.4 g L"! 

Concentration in ppm 

_ Weight of Na;CrO, in 1000 mL x 10° 


1000 mL 


Molarity of CrO = 


| 32.4x 10° 
10° 


= 32400 ppm 


Metallic tin (Sn) is oxidised to its maximum oxidation state 
by KMnO, and K,Cr,O, separately in the presence of HCl. 
Calculate the ratios of the volumes of decimolar solutions of 
KMnO, and K,Cr,O, that would be reduced by 1.0 g of Sn 
(Atomic weight of Sn = 118.6). 
Sn is oxidised to +4 oxidation state (maximum oxidation 

state of Sn = +4) 

Sn — > Sn*^ + 4e (n 7 4) 

[5e + MnO,? —> Mn”*] (n= 5) 

[6e + Cr,0;* — 2Cr3*] (n = 6) 

Weight 1.0 4 


Equivalent of Sn = Ew ~ 118.6 186 1186 q 
Sn = Mn0,° (4 
Eq = Eq 
— =0.1 x 5 (n-factor) x V(L 
118.6 eee 
4 + 
V : = L—————— z——z0.067L 
MnO  1186x0.1x5 59.3 
Sn= Cr0Z- 
Eq = Eq 
T = 0.1 x 6 (n-factor) x V(L) 
4 EN 
y M I — =), 
C507- COSS x6 71.16 16 eee 
Alternatively 


Mino _ 6 265 ( n-factor of Cr,0,7) 

Fono,- 5 | factor of MnO,° 
Since the same equivalent of Sn is reacting with 0.1 M of 
KMnO, and K,Cr,0., the ratios of the volumes of KMnO, 

` and K,CrO, reacting with the same equivalent of Sn is 
inversely proportional to their n-factors. 


Upon heating 1 L of 2 N HCI solution, 36.5 g of HCl is lost and 
the volume of solution reduces to 800 mL. Calculate 
a. The normality of the resultant solution 
b. The number of equivalents of HCl in 100 mL ofthe original 
solution. 
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SGD mEq of HCI = N x V (mL) -2* 1000 = 2000 mEq 


W 19? =2000 

Ew 

W x 1000 _ jo 
36.5 


Wy 72* 36.5 
a. Since 36.5 g of HCI is lost on heating and volume 


becomes 800 mL. 
Wac left = 2 x 36.5 — 36.5 = 36.5 g 


W x10! 36.5 x 1000 


f HCl left = 
PESOS Ew 36.5 
— 1000 mEq 
Normality of resultant solution 
UE. I PUAN 
V(mL) 800 


b. mEq of HCl in 1 L of original solution = 2000 


mEq of HCl in 100 mL of original solution is 200 mEq 
= 200 x 103 = 0.2 Eq 


How many moles of Hg1,™ will be formed when 2 mol of Hg” 
and 2 mol of I? react according to the following equation? 
Hg” + 41° —> HgL 


a. | mol b. 0.5 mol 


LJ 


c. 0.25 mol 
Hg?* = 41° = HgLj* 


1 mol = 4 mol = 1 mol 


d. 2 mol 


4 
— mol= — molz 1 mol 
4 4 4 


2 rdi EN ndi 2 l> 05 l 
= = z—m : 
1 1 1 ol => mo 


80 mL of KMnO, solution reacts with 3.4 g of Na,C,O,2H,0 
in acidic medium. The molarity of the KMnO, solution is 
a.0.5 M b. 0.1 M 


c. 5M d.1M 

BUB b. Mw [Na,C,O,2H,O] 
=2x23+2%12+4«16+2~x 18 
=170g 


[5e + MnO,” —> Mn?!] (n = 5) 
[C,02. —» 2CO, + 2e ] (n - 2) 


MnO,’ = CO, 


] mEq = 1 mEq 
3 . 3 
SENE EE ap EIU 
170 
3.4 x 10? 
=. N(Mn0,°) = 2 — = 0.5 N 
170 
oe 


0.5 N 
M (MnO,°) = A e M 


KI reacts with H,SO, producing I, and H,S. The volume of 0.2 
MH,SO, required to produce 3.4 g of H,S 1s 


a. 2.5 L b. 3.8L c.4L 


a. Since the n-factor of H,S is not known, the problem is solved 
by mole concept by balancing the equation 


d.5L 


2(-)— 0-7 +2 
2 KI + H0, —> K580, + b + H2S + H;O 


(+6 —> -2)-8 
310 —> I, + 2€. ] «4 
8H? + 8e + S0 —> S* + 4H,0 


x=6 x =2 
gI°+8H®+SO,-> —> 41, +S% +4H,0 


Add other ions, i.e. 2H®, 8K®, and 4S0,7, to both sides 
to balance the equation. Net redox equation is 


[oec ba g 


5 mol 1 mol 


mol of HS = 2 — 0.1 mol 
34 
mol of H,SO, = 0.1 x 5 mol = 0.5 mol 


= 0.2 x V=0.5 
y-e25L 


40 mL of 0.5 M Ce* is required to react completely with 10 


2 ` 
mL of 1 M Sn * to Sn**. What is the oxidation state of cerium 
in the reduction product? 


MSGI Cet = Sn?* (Snt —, snt + 2e) (n= 2) 


l mEq = | mEq 
N V =N, V, 
0.5 x n-factor x 40 = | x 2 (n-factor) x 10 
20n = 20 
n=] 


n-factor of Ce* is | ie. it; 
or of Ce** is |. 1.€., It is reduced to Ce?* 
Ce** + e- —_» Ce» 


The oxidati 
a state of cerium ; 
tion state of cerium in the reduction product is + ? 


6 mol of a solut; 
, ution A” : 
oxidation of A”* to r^ B 2 mol of Cr,O7- ions for the 
it 3 10 acidic medium. The value of ” 5 


b. 2 c. 3 d.4 | 


>. | 


aic E at AO,” + (5 — n)e^ (undergoes oxidation) 


y=tn x-6--l 
x=5 
Ant = ?- (Cr,0,7> —> 2Cr?) (n = 6) 
oy factor - (5-5) ‘n ox 6 
Eq = Eq 


moles x r-factor = moles x n-factor 
6x(5-n)22x6 
n=3 


——_——— 
34.7 Mixing of Strong Acids and Strong Bases 
a. The final concentration of the solution obtained by mixing 
strong acids is calculated igi the formula 

NV, * NV, + NV, + = NV, 

Where V =V, + y, TEE 

b. Similarly, the final Mire of the solution obtained 
by mixing strong bases is also calculated by the formula. 

NV, + NV, * NV, * = NV, 

c. The final concentration of the solution obtained by mixing 
strong acids and strong bases can be calculated as follows: 

i. Find the total mEq of strong acids and strong bases. 

ii. Find the mEq of strong acids or strong bases left after 
neutralisation. 

iii. Find the concentration of the final solution by dividing 
the mEq of strong acids or strong bases with the total 
volume of solution in mL. 

d. Mixing of solutions of oxidising and reducing agents. 

i. Find the total mEq of the oxidising and reducing agents. 

ii. Find the mEq of the oxidising or reducing agent left 
after the reaction of the oxidising and reducing agents. 

iii. Find the concentration of the final solution by dividing 
the mEq of the oxidising agent or reducing agent left 
with the total volume of the solution in mL. 


50 mL of an acidic solution of 0.25 M K,Cr)O,, 30 mL of 0.4 M 
K,C.O,. and 120 mL of 0.2 M Fe?* are added together. Compute 
the molarities of Fe?* ions and Cr,O,” ions in the final solution. 


a. mEq of oxidising agent (K,Cr,O,) (n-factor = 6 ) 
= 50 x 0.25 x 6 
(6e + CrO- —> 2Cr**) = 75 mEq 
mEq of reducing agent (Fe?* + K,C,O,) 
= (0.2 x 120) + (2 x 0.4 x 30) 
= 24 + 24 = 48 mEq 
| (Fe?* — Fet +e (n=1) 
C0, —> 2C0, «2e (n= N 
Cr,0,7" = (Fe?* + C027) 
mEq = mEq. 


Stoichiometry 3-17 
75 mEq = 48 mEq 
Excess mEq of K,Cr,0, = 75 - 48 = 27 mEq 
Total volume = 50 + 30 + 120 = 200 mL 


Normality of K,Cr,0, = MEd = 2 
ormality of K,Cr,0,= “= 59 
| NOM | 

Molarity of K,Cr,0, = — = 200x6 0.0225 M 

b. mEq of Fe? produced = mEq of Fe?* reacted 
= 24 mEq 
mE 24 
Normality of Fe?* produced = 7 lus ae 
N 24 

Molarity of Fe** produced = Pa ris 0.12M 


When 100 mL of 0.06 M Fe (NO,),, 50 mL of 0.2M FeCl, and 


100 mL of 0.26 M Mg (NO,),, are mixed. In the final solution 


[Fe?*] =...... 


a. 100 mL of 0.06 M Fe (NO,), = 6 mmol of Fe* 


+6 x 3 mmol of NO,- 
b. 50 mL of 0.2 M FeCl, = 10 mmol of Fe* 
+10 x 3 mmol of C1- 
c. 100 mL of 0.26 M Mg (NO,), = 26 mmol of mg 
* 26 x 2 mmol of NO, - 
d. Total = 16 mmol of Fe?* + 70 mmol of NO,* 
+ 30 mmol of CI? + 26 mmol of Mg” 
Total volume = 100 + 50 + 100 = 250 mL 


l 
[Fe?*] = ci = 0.064 M 


[NO,°] = — = 0.28M 
x 
[CI9] = — - 0.12M 
250 
26 
[Mg?*] = 559 7 0104 M 


Calculate the concentration of K® (x) and CI? (y) in a solution 
obtained by mixing 20 mL of 0.1 M NaCl, 30 mL of 0.2 M 
KCl, and 25 mL of 0.15 M KNO, and making the solution up 
to 100 mL. 
a. X = 0.06, y = 0.0375 
b. x = 0.08, y = 0.06 


b. x = 0.0975, y = 0.08 
d. x = 0.08, y = 0.0375 


ca y 


b. 1. 20 mL of 0.1 M NaCl = 2 mmol of Na® 


+ 2 mmol of CI? 
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2. 30 mL of 0.2 M KCI = 6 mmol of Na® 
+ 6 mmol of CI? 


3. 25 mL of 0.15 M KNO,I = 3.75 mmol of K® 
4- 3.75 mmol of CI? 


4. Total 2 9.75 mmol of K? +8 mmol of CI? 
+2 mmol of Na® + 3.75 mmol of NO,° 


Total volume = 100 mL 
S 
x= [K?] = Zi = 0.0975 M 
100 


= 0.08 M 
100 


The answer is (b) 


250 mL of x M solution and 500 mL of y M solution of a solute 
are mixed and diluted to 2 L to produce a final concentration of 
1.6 M. If x:y = 5:4, calculate x and y. 
ESI. 250 mL x x + 500 mL x y= 1.6 M x 2000 mL 
x+2y= 12.8 isti) 


y=[Cl]= 


x= 5 ) 
4^ 
Putting the value of x in Eq. (i), we get 
5 
—y+2y=12.8 
4? y 
<. x= 4.93 M, y = 3.94 M 


What is the normality of a solution that results from mixing 7.4 
g of Ca(OH),, 500 mL of 1 M HNO, and 10.0 mL of H,SO4 
(specific gravity = 1.2, 49% H,SO, by weight)? 
The total volume of the solution was made to 1L after adding 
water? 


a. Mw [Ca(OH),] = 40 + 34 = 74 
: 7.4 
7.4 g. of Ca (OH), — E71 z 0.] mol = 10 m moles 


= 10 x 2 mEq (n-factor = 2) 
= 20 mEq 

b. 500 mL of IM HNO, = 500 ~ J x 1 (n-factor) 

= 500 mEq 
c. Normality of H,SO, 
_ W x 1000 
Ew x Volume of solution in mL 
Mw = 98, n-factor = 2 


98 
Ew = — = 49 g 
2 E 


Or 
Normality of H,SO, 
_ % by weight x density (or specific gravity) 
Ew 


_ 49x 10x12 2N 
49 


mEq of H,SO, = N x V= 12 x 10= 120 mEq 
. Total mEq of acid = 500 + 120 = 620 mEq 
mEq of Ca(OH.) = 20 mEq 
f. mEq of acid left = 620 — 20 = 600 mEq 


mEq 600 
i ion = ———— = —— =0.6 N 
g. Normality of solution V(mL) 1000 


o c 


How many grams of borax (Na,B,0,10H,O) are required to 
neutralise 25 mL of 0.2 M HCI and H,SO, separately? 


“Sol. Borax in water gives 


B,0;,^- + 7H,0—— 4 H,BO, + 20H 


e] 

1 mol of borax = 2 mol OH = acidity = 2 
a. mEq of borax = mEq of HCl 

Weight 


x 1000 = (0.2 x 2) x 25 
82/2 


[Since HCl is a monobasic acid] 
Weight = 0.955 g = Mass of borax 
b. mEq of borax = mEq of H,SO, 
Weight 
382/2 


x 1000 = (0.2 x 2) x 25 
[Since H,SO, is a dibasic acid] 
Weight = 1.91 g = mass of borax 


3.4.8 Ew of an Element or a Compound ina 
Non-Redox Change 


Atomic weight of element 
Valency of element 
b. Ew of compound = Ew of part I + Ew of part II. 


(This is not valid for hydrated compounds) 
Also, | 


Ew of compound = "Molecular weight of compound. 
Total postive or negative charge 


a. Ew of an element = 


For example, 


Ew (AICI) = Ew (Al) + Ew (Cl) = 27 + 35.5 = 44.5 

Alternatively, i ' | 
Mw of AICI, 

Total negative or Positive charge 

_ 27+3x 355 _ 133.5 


3 3 


Ew (AICI,) = 


= 44.5 


Stoichiometry 3.19 


41x2 -2 3x2 -2x3 Ew of M 
Ew( K4 SOs Al? (SO,),24H,O0) ; 
- . ; = |.  WeightoM /. J^ x Ew (Cl) 
Total positive or negative charge = 8 — Weight of M chloride — Weight of M 
Mw 
Ew= 3 _ xx 35.5 _ CxS ite 
x-y (3.0 — 2.0) 

ILL us TRATIC ] AN ) 24 i 
ogofa metal oxide gave 0.2 g of metal. Calculate the 1.0 g of metal nitrate gave 0.86 g of metal sulphate. Calculate 


equivalent weight of the metal. the equivalent weight of metal. 


(Sol. First method: Weight of oxygen = 1.0 —0.2 - 0.8 g Mw(NO,’) 1443x16 
ME ARN IUD S Male 


E: "i equivalent weight of metal (M) be E, Ew (oxygen) Ew (NO, Jes Charge 62 
=0g 3 | 
Equivalent of metal oxide = Equivalent of metal Ew (S04 )= Mw 80,4") _ 32x 4x16 _ 96 _ 48 
E ht Charge 2 2 
Weight of Metal oxide _ Weight of oxygen l l l ; uet 
Ew (M) + Ew (O) Ew (O) Equivalent of metal nitrate — Equivalent of metal sulphate 
1.0 0.8 Weight of metal nitrate ^ Weight of metal Sulphate 
C ae Rd Ew (M) + Ew (NO) — Ew(M) + Ew(SO;") 
0.1(E + 8) - 1.0 1.0 0.86 
E-2 E+62 E+48 
Second method: | E38 
nig s di 3.5 VOLUME STRENGTH OF H,O 
Weight of M Weight of oxygen EN RIO EE 
Ew (M) 7 Ew (O) It is the volume of O, given out at STP on heating 1 N H,O, 
> 08 solution. It is also called the strength of H,O, is terms of available 
= = r3 oxygen. 
Ee 2H,0, —> 2H,0 + O, 
General formula: Ifx g of a metal oxide gave y g of metal, 2 mol | mol 
then equivalent weight of element is: 2 mol of H,O, = 22.4 L of O, 
Ew (M) 1 mol of H,O, = 11.2 L of O, 
j 1 M H,O, = 11.2 LofO 
= "——.——— o — x Ew (Oxygen) 272 oL 
Weight of metal oxide — Weight of M 1 N H,O, = 5.6 L of O, = 5.6 volume of O, 
_ xx8 _ 0.2x8  0.2x8_ j Alternatively: 
x-y 10-02 08 ~ 2H,0, —> 2H,0 + O, 


2x34 gL! 2 224 L of O, at STP 
I7gL1=1N=56LofO, 


Alternatively: 
3.0 g of metal chloride gave 2.0 g of metal. Calculate the H.O.20 
equivalent weight of the metal. "^. io 
224 
‘Sol. Let the equivalent weight of metal (M) be £E. | Eq» 1 Eq e L=5.6 L) 


Ew (Cl) = 35.5 g. 
Weight of Cl 2 3.0-2.0=1.0¢ 
Eq of metal = Eq of CI 


1.7% of H0,- 17 g L~! of H,O, = 1N = 5.6 L of O, 
at STP = 8 g of O, 


Weight of M _ Weight of CI (1 L2 1000 mL of H,O, = 17 g of H,O, 
Ew (M) Ew (Cl) 100 mL of H0, = 1.7 g of H,O, = 1.7% of H,O,) 
2.0 _ 10 General formula of volume strength of H,O, 
E 35.5 a. 1.7% of H,O, = 17 g L! of HO, = 5.6 L of O, at STP 
E-710g = 8 g of O, at STP E 
General formula: If x g of a metal chloride gave y g of b. Volume strength of H,O, x volume of H,O, = Volume 


metal, the Ew of metal is of O, at STP 


3.20 Physical Chemistry 
| c. 3% solution of H,O, is marked as 
| d. 30% solution of H,O, is marked as 100 


Calculate (a) normality, (b) molarity, (c) strength in g L-!, and 
(d) percentage strength of 10 volume strength of H5O;. 


E 
zl1N 


a. '5.6 volume strength of H,O, 


10 
boton Ados N 


10 volume H,O, 
volume H,O, 


10 volume strengtl 


N ea (n-factor of H5O; = 2) 


b. M= 
n-factor 2 
= 0.89 M 
c. 5.6 volume strength of H,O, = eL” 


23035gL" 
- 1.7 96 


17 x 10 
10 volume strength of H,O, = Y 
d. 5.6 volume strength (or volume) of H,O, 


1.7 x 10 -3.03% 


10 volume strength of H,O, = 


Calculate the number of moles and weight of O, produced on 
heating 1.12 L of 10 volume strength of H,O, at STP. 


e Volume of O, at STP = Volume of H,O, x Volume strength 


of H,O, 
—-TLI2L*x10-2112L 
Moles of O, at STP- ILL = 0.5 mol 
22.4L 


Weight of O, = 0.5 x 32 = 16.0 g 


0 mL of H,O, liberates 12.7 g of iodine form an acidic KI 
solution. Calculate the (a) normality, (b) molarity, (c) volume 
strength, (d) strength, and (e) percentage strength of H,O}. 


a. Mw (I) =2% 127 =254g 


254 c 
Ew (E) = zi (21° >l, * 2e ) (n7 2) 


H, O, = KI =], 
] mEq = 1 mEq = 1 mEq 
Weight of I 
N V, (mL) = ———— x 10? (mE 
ıı (mL) Ew (15) (mEq) 
ane 
tepa PRU. 
127 
N, of HO; 2 ION 
; N 10 
b. Molarity of HO, = ————7 — =5M 
7 2-2 -factor 2 


1 N of H,O, = 5.6 volume of H,0). 
10 N of H,O, = 56 volume strength of H,O, 


d. 1 NofH,0,=178L" 
10 N of H,O, = 170 gL" 
e. 1 N of H5O, = 1.7% 
10 N of H,O, = 17% 


(MAUS TRATION 3.28 


A solution of K,Cr,0; containing 4.9 gL! is used to titrate H,O, 
solution containing 3.4 g L-! in acidic medium. What volume of 


K,Cr,0, will be required to react with 20 mL of H,O, solution? 
Also calculate the strength of H,O, in terms of available oxygen. 


(Sol. Strength = N x Ew 


39x 2+52x2+16x7 
Ew (K,C1,0,) = s 
94 
= —— = 49.0 
6 g 
[66 +Cr,0, > 2Cr**] (n = 6) 
Strength _ 49 -01N 
Ew 49 
Strength 3.4 -02N 


NAO) Ug, 0T 


N (K,C1,0,) = 


H,O, > O, + 2H® «2€ 
(n=2) 


Ew="*=178 


hoa 


Cr,0,?- = H,0, 


mEq = mEq 
N,V, 2 NF, 
0.1 x V, 70.2 x 20 
0.2x2 
= 929 20 — 40 mL 
0.1 


Volume strength of H5O;: 

1 N = 5.6 L of O, (volume strength of H,O,) 
0.2 N = 5.6 x 0.2 = 1.12 L of H,O, 

It is written as 1.12 volume H5O,. 


When 100 mL of an aqueous solution of H,O, is titrated with an 
excess of KI solution in dilute H,SO,, the liberated I, required 50 
mL of 0.1 M Na,S,O, solution for complete reaction. Calculate 
the percentage strength and volume strength of H,O, solution. 


USD Reactions involved are as follows: 


219 —>1,+ 2€ (i) 
2H9 + 2€ + H,O, —9 2H,0 i) 
H,O, + 21° + 2H? —> I, + 2H,O ...(iii) 


... (iv) 


L*28,0, — 2I? + S47 


m" ygen after 
and H50;. 


sai 


This new volume of 50 mL of molecular ox 
reaction with H,O, is contributed equally by O; 


— S O7 + 2c is t- 1) 
Thus, 25 mL of oxygen has been contributed by H5O;. 


(n-factor for 28,0," 


posl L =8,0,7 
mEq = mEq = mEq = mEq Volume of H,O, * Volume strength of H,O, = Volume of 
NV (mL) = N,V (mL) O, at STP 
y, x 100 = 0.1 x 1 (r-factor) x 50 mL 50 mL x 5 V F5O, = 250 mL of O, at STP n 
| Q.1x1x 50 After utilisation of 25 mL of O;, according to equation (111), 
N(H0)= Fog PN The balance (250 — 25) = 225 mL of O, at STP are still 
N H0, = 1.7% of H.O available by 50 mL of H,O). 
eee die Hence, volume strength of H,O, after reaction is 


0.05 N HO, = 1.7 x 0.05 = 0.085 % 
tSTP 
Volume of O, at STP _ 223 4.45 


Percentage strength of H,O, = 0.08594 
Volume of H,O, 50 


1 NH,O, = 5.6 volume of O, 


0.05 N H,O, = 5.6 x 0.05 = 0.28 volume of O, a Volume strength = 4.5 


Volume strength of H,O, solution = 0.28 volume 

juerRaTION 3.30 5.1 g sample of H5O; solution containing x % H,O; by weight 
Calculate the volume strength of H,O, solution if 50 mL of H,O, Sende x he of TNAM aed for vd verge t 

is diluted with 50 mL of H,O. 20 mL of this diluted acidic condition. What is the molarity of R;Cr,O; solution: 


solution 
solution required 40 mL of M/60 K,Cr,O, solution in presence 100 g of H,O, solution contains x g of HO 
7 272 8 ma 
of H,SO, for complete reaction. vat 
‘Sol. H,O, = Cr,0,? 3.1 g of H,O, solution contains - T 

(n=2) (n=6) = Weight of H,O, 

mEq = mEq Ea of H.0, = Veightof H,O, x10 

NV, 2 NF, mm Ew H50; 

I 
N.x202 —x6x40 3dx 1 3 
1 = x — x10 =3 
60 100 17 SEES 
4 - Cr,0.> = 
N(H,O,)= —=0.2N Oy Sa 
20 mEq = mEq 

The normality of the 50 mL of H,O, should be twice the N,V, (mL) = 3x 

normality of 20 mL of the diluted solution of H,O,, since " : s "i 

the volume of H,O, solution has doubled. i yop 

(50 mL of H,O, + 50 mL of H,O = 100 mL of solution of (K,C05) 7 3 N 

H303) M (K,Cr,0,) = x =0.5M 

n 


-. N (H,0,) of 50 mL of H,O, = 0.2 x 2 = 0.4 N 
-. Volume strength of H,O, = 5.6 x 0.4 = 2.24 volume of O, ILLUSTRATION 3.33. 


200 mL of acidified 3 N H,O, is reacted with KMnO, solution 


ILLUSTRATION 3.31. till there is a light tinge of purple colour. Calculate the volume 


i of ozone (O,) at STP were passed through 50 mL of ‘5 of O, produced et STP. 
volume’ H,O, solution. What is the vol 
] e volume strength of i 5 
Cond aet gth of H5O; SONS | N of H,O, = 5.6 volume of O, 
3 N of H,0,- 3 x 5.6 = 16.8 volume of O, (volume s 
" nie pt 7 ru > .8 volume of O, (volume strength 
H ii me 
o. ,0, — H,O + O ...(il) Volume of O, produced by H,O, at STP 
| Oe O, (i) — Volume ofO, x Volume strength of H,O 
(1/2 vol) (1/2 vol) (1 vol) - 200 mL x 16.8 = 3360 mL : di 
| i | 2 i 8 = 3360 m 
En E ey (ii), we get 50 mL of O, at STP will Same volume will be produced by KMnO, = 3360 mL 
of molecular O, as such and 50 mL of oxygen Total volume of O, = 3360 + 3360 = 6720 mL =6.72 L 


molecule after reaction with H,O,. 


3.22 Physical Chemistry 


3.6 STRENGTH OF BLEACHING 
POWDER (CaOCL,) IN TERMS 
OF PERCENTAGE OF AVAILABLE 
CHLORINE FROM THE SAMPLE OF 
BLEACHING POWDER 


When bleaching powder solution is heated, it liberates Cb. The 
liberated Cl, is titrated with KI solution which gives L. L is titrated 
with Na,S,0, (sodium thiosulphate) solution, which gives the 
percentage of available chlorine. 

Reactions involved are as follows: 

CaOCl, — Cl, (i) 


Cl, 219— I, + 2CI9 NU 
l, + 25.0.77 E Sr + 219 
n-factor of BO" in acidic mediumis one. 


28,0," —oÀ S40." +2e [n - z = 1) 


CaOCl, = Cl, = Je = S,0,% 
mEq = mEq = mEq = mEq 


From the mEq of 520. the mEq and weight of Cl, 
can be determined. Then percentage of available Cl, is determined. 


i c 
be JSI RAI ESI, 
rig ae eet RSS cum 


AP 


0.71 gofa sample of bleaching powder (CaOCI,) is dissolved in 100 
mL of water. 50 mL of this solution is titrated with KI solution. The 
L so liberated required 10 mL 0.1 M Na, SO, (hypo) solution in 
acidic medium for complete neutralisation. Calculate the percentage 
of available CL, from the sample of bleaching powder. 


ESSI. CaOCL = Cl, = I? = $047 
mEq= mEq = mEq = mEq 
mEq= mEq = mEq = mEq 
—=— =—=10mL~ 0.1 x | (n-factor) 

— = 1 mEq=1 mEq 

Thus mEq of Cl, in 50 mL of solution = 1 mEq 
mEq of Cl, in 100 mL of solution = 1 x 2 = 2 mEq 
Weight of CL, = mEq 10°? x Ew (CL) 

71 ( n-factor for Cl, = 2) 
“9 Cl, + 2e° — 2C1° J 
=0.07] g 
Weight of Cl, 


% of available Cl, = Weight of CaOCl, x 100 
eight of CaOCl, 
0.071 x 100 
E re | 
0.71 i 


3.7 IODIMETRIC AND IODOMETRIC 
TITRATIONS 


Iodimetry: The estimation of reducing substance by the use of 
standard I, is called iodimetry. 


ht 25.0, 9 Oo, * 21° 
I, = 21° = 28,0,” 

2 
Mw (7 ‘n’ factor = — = 1) 
l 


Ew (80,4) = 2 


Ew (1) = TM (n — 2) 


lodometry: The estimation of oxidising substance involving the 
liberation of L, and subsequent volumetic estimation of L, is called 


iodometry. 
2Cu2* + 419 —> Cul, + L 
2Cul, — CujL + I, 
ji _ Mw 
(Cu2* changes to Cu®, so Ew (Cu2*) = = 
_ © 2- 
25,077 +],— 2h + 540¢ | | 
Starch is used as an indicator near the end point, which forms 


a blue-coloured complex with I,^. The blue colour disappears 
when there is no more free I,. 


Alternatively 

2 x [Cu + H580, — CuSO, + SO, + 2H,0] 
2CuSO, + 4KI— 2K,SO, + 2 Cul, 

2Cul, —9 Cu, L + L 

2 Na,S,0, + L —> 2Nal + Na,S,06 

2 mol Cu = 1 mol L, = 2 mol Na,S,0,; (hypo) 


0.5 g sample of copper ore is converted into CuSO, solution. 
The resulting solution is acidified with dilute CH,COOH (acetic 
acid) and excess KI added. The liberated I, requires 0.248 g 


Na,S,O0,°5H,O for complete reaction. C alculate the percentage 
of Cu in the ore. 


‘Sol. 
Mw (Na,S,0,:5H4O) = 248 g 
248 
Ew= ES (n = 1) 
Ew (CuSO, or Cu) = E 
^. Cus CuSO, = KI =I, = Na,S,0, 
_ 0.248 -10° E 
248 — ii 


^. Eq of Cu = 10? Eq 


Weight of Cu = Eq x Ew = 10? x = g (n=1) 


-3 
% of Cy= 933x10 ` gx100 _ 635x100 
0.5 g 1000 x 5 


"c 
A0. 


212.196 


|a eor o Y A au" : 
ILLUSTRATION 3. 


qo haere of brass is dissolved in 1L dil H,SO,. 20 mL of 
I$ solution is mixed with KI, and the liberated L required 20 


mL of 0.5 M hypo solutio ro 
of Cu in the alloy. n for titration. Calculate the amount 


Stoichiometry 3.23 


ae ea ea UD CH Bol CO iere eT Te 


Cu = CuSO, = KI =I, = Na,S,0, 
mEq = mEq = mEq = mEq = mEq 
9e—=— = 20% 0.5 * l (n7 1) 

10 mEq of Na,S,O, 
~ 20 mL of solution 
10 x 1000 
- 20 
mEq of Cu in 1 L of solution = 500 = 500 x 10? Eq 
63.5 
| 


mEq L ! = 500 mEq L~! of solution 


Weight of Cu = 500 x 10 x 


(n-factor = 1) 


31.75 


~%Cu= x 100 = 63.5% 


CONCEPT APPLICATION EXERCISE 3.3 


Subjective Type 
1. Calculate the number of moles of Cr,O,?~ required to 
oxidise 1 mol of Fe(HC,O,), in acidic medium. How 
many moles of NaOH are required to react with 1 mol of 
Fe (HC,O,),? 

. How many moles of NO,” are oxidised to NO,° by 2 mol 
of MnO,* in dilute basic medium? 


r3 


x 


What is the ratio of moles of MnO,° used per mol of 

C J^ in acidic medium to strong basic medium? 

What is the ratio of FeC,O i (ferrous oxalate) and ferric 

oxalate used per mol of Coar in acidic medium? 

. Gastric juice contains 3.65 g of HCI per litre. If a person 
produces 2.0 L, of gastric juice per day how many antacid 
tablets, each containing 520 mg of Al(OH),, are needed 
to neutralise all the HCl produced in one day? 

6. 100 mL of each three samples of H,O, labelled 2.8 vol 

5.6 vol, and 22.4 vol are mixed and then diluted with an 

equal volume of water. Calculate the volume strength of 

the resultant H,O, solution. 


7. 10.0 g of CaOCl, is dissolved in water to make 200 mL 
solution. 20 mL of it is acidified with acetic acid and treated 
with KI solution. The I, liberated required 40 mL of M/20 
Na,S,O, solution. Find the percentage of available chlorine. 


~ 


un 


ANSWERS 


2.13 
7. 7.196 


6. = 5 Vol 


37.1 Titration of Mixture of Compounds with 
Acid/Base or Oxidising/Reducing Agent 
a. When a mixture containing two or more compounds is 
reacted/titrated with acid/base or oxidising agent/reducing 
agent, the total Eq/mEq of reacting or titrating species 
Is equal to the mEq of both the compounds, when both 
compounds react with the titrating reagent, for example 


when a mixture of Na,CO, and K,CO, is reacted with HCl, 
in which both Na,CO, and K,CO, react then mEq of Na,CO, 
+ mEq of K,CO, = mEq of HCI reacted. 


b. When a mixture containing two or more compounds, in 
which only one compound reacts with titrating reagent, then 
the total Eq/mEq of the reacting/titrating reagent is equal to 
the mEq of the compound which reacts. For example 


When mixture of FeSO, and Fe,(SO,), is reacted with 
oxidising agent such as KMnO,, or K,Cr,0,, only FeSO, 
reacts 
mEq of FeSO, = mEq of oxidising agent 

c. Salts formed by the reaction between a strong acid (HCI, 
H,SO,, HNO,, H,PO,, etc) and a strong base NaOH, KOH, 
Mg(OH),, Ca(OH),) when dissolved in water does not affect 
the acidity or basicity of the solution. 
For example: a solution having Na,SO, (formed by the 
reaction between NaOH and H5SO,) as its solute is neutral 
as Na,SO, is a salt of strong acid and strong base. 

d. Back titration: This concept comes into picture while 
analysing the neutralisation in case any of the acids or 
bases is found to be in excess (overstepping of the end point). 


ISTRATION 3. 

0.5 g of fuming sulphuric acid (H,SO, + SO,), called oleum, is 
diluted with water. This solution completely neutralised 26.7 
mL of 0.4 M NaOH. Find the percentage of free SO, in the 
sample solution. 


E RSEN. 80 
(SGN) Ew (SO) => = 40 g [SO, + H,O — H,SO,. (n = 2)] 


98 
Ew of H,S0,= > = 498 


Let x g of SO, and (0.5 —x) g of H,SO, be present 
mEq of SO, + mEq of H,SO, = mEq of NaOH 
( x O5-x 
— + 
40 


) x 10° mEq =26.7 x 0.4 x 1 mEq 


x=0.103 g 


% of free SO, = T x 100 = 20.6% 


1.84 g of CaCO, and MgCO, were treated with 50 mL of 0.8 M 
HCI solution. Calculate the percentage of CaCO, and MgCO.. 

(SEHR Ew (CaCO,) = 100/2 = 50 (n = 2) 

Ew (MgCO,) = 84/2 = 42 (n =2) 

Let x g of CaCO, and (1.84 — x) g of MgCO, be present. 

mEq of CaCO, + mEq of MgCO, = mEq of HCl 


a x 10° 250x 0.8 

S0 42 7 eet 
PIE. 

% of Caco, = X100 _ 54.35% 


% of MgCO, = 100 — 54.35 = 45.65% 


3.24 Physical Chemistry 


o con i and 
0. 4g of a mixture containing sodium oxalate (Na, C, 204) é ` 
ion 
potassium oxalate requires 50 mL of M/60 K,Cr,O; solu € 
acidic medium for complete reaction. Calculate the percentag 


composition of the mixture. 
2x2342x12*4xl6 _ 13 67g 
2x fot ens s 


Sol. B Ew (Na4C,O,) = ^ i 


kh 


~ 3942x124 4x16 _ 166 83g 


pe E 


Ew (K, C, O "s i ees 2 
Let x g of Na,C,0, and (0.4 —x) 8 of K,C,0, be present. 
mEq of Na,C.O, + mEq of K,C;O, = mEq of K,Cr,0, 


(= + m x10 = 50x —x6 (n-factor) 
| 60 


67 83 
5 x 67 x 83 
83x + 67 (0.4 -3) = -0 


16x = 27.8 — 67x 0.4 


= 27.8 — 26.8 = 1.0 
x= + =0.06¢ 
16 
% of Na,C,0, = ae 15.6% 


% of p = 100 — 15.6 = 84.4% 


of 0.1 N HCI for complete reaction. Caila the amount of 
residue that would be obtained on heating 2.2 g of the same 
mixture strongly. 


84 
IN Ew (NaHCO,) = 23 + 1+ 12 +3 x 16= —-=84@=1) 


HCI reacts only with NaHCO, (acid and base reaction) 
mEq of HCl = 100 x 0.1 

= 10 mEq of NaHCO, 

= 10 x 102 x 84 g of NaHCO, = 0.84 g 
Weight of KCIO, = 2.1 — 0.84 = 1.26 g 


Weight of NaHCO, in 2.2 g of mixture = MET 
— 0.88 g 
Weight of KCIO, in 2.2 g of mixture = (2.2 — 0.88) g 
=1.32 g 


Heating of mixture: 

NaHCO, —^—> Na,CO, + H,O + CO, 

27 kag 106 g 

Weight of residue obtained on heating NaHCO, 
|. . 106 » 0.88 
© 2284 


2 KCIO, —> 2KCI + 30, 
241225g 27745¢ 


= 0,555 g 


Weight of residue obtained on heating KCIO, 


» 2 x 74.5 x 1.32 = 0.802 
2 x 122.5 des. 


Total weight of residue = 0.555 + 0.802 = 1.357 g 


2.1 g of a mixture of NaHCO, and KCIO, requires 100 mL: 


ee eee 


O tsiassbna ae 


Al and Zn was completely dissolved in acid 


ixture of 
M^ dura L of H, at S TP. Calculate the weight Al and 


and evolved 1.69 
Zn in the mixture. 


SOI) Let x and y be the weights of Al and Zn in the mixture. 


x+y = 1.67 adi) 
Eq of Al + Eq of Zn = Eq of H, 
(2 + E = mi t) 
27/3 65/2 22.4/2 
Solving Eqs. (i) and (ii), we get 
= 1.25g 
y=0.42 g 


0, when heated in air to constant 


A mixture of FeO and Fe, 
weights, gains 5% in its weight Calculate the composition of 


the mixture. 


1 
O 0 r9 ERJO; 


Let the weights of FeO and FeO, be x and y g, respectively. 


x+y= 100 E 
Now, 2 x 72 g FeO gives Fe,O; = 160g 

to, 160 x x 
x g FeO gives Fe,O, = ETI g 


Similarly, 2 x 232 g of Fe,O, gives Fe,0, —35»* 160 g 
y g of Fe,O, gives Fe,0, = a g 
: 160x » 3x160x v 
144 464 
Solving Eqs. (1) and (ii), we get 
x-2025g ~. FeO = 20.25 96 
p-J4975g8' S Re; 79.7570 


— 105 ...(11) 


A mixture ofH, C-Q, nud HCOOH is heated with conc H,SO,. 
The gas produced is collected, and on treatment with KOH 


solution, the volume of the gas decreases by 1 Calculate the 
6 


molar ratio of the two acids in the original mixtrure 


SONS 11,C,0, ——ÓS H,O co « co, 
V vV y 
HCOOH — 29: H0 + CO 
Let x and y moles of HCOOH and H „C.O, be present in the 
original mixture. 


Total moles of CO formed = x + y 
moles of CO, formed = y 


 O————— V—————— ""—CÁU 


un 


Total moles of gase 


Since KOH solution absorbs CO, and volume reduces by 


| 1/6, | 
moles of CO; = 6 


s=xtyty=xt2y 


(x + 2y) 


mixture of Na,CO,, NaHCO,, and NaCl on heating 
ed 56 mL of CO, at STP. 1.6 g of the same mixture 
d 25 mL of 0.5 M H,SO, for complete neutralisation. 
te the percentage of each component present in the 


2.0 g 
produc 
require 
Calcula 
mixture. 
‘Sol. On heating only NaHCO, decomposes to give CO, 
NaHCO, —> Na,CO, + H,O + CO, 1 
Eq of NaHCO, = Eq of CO, 


Waco; _ Volume of CO, 
Ew(NaHCO,) Volume of 1 Eq of CO, 


Wwauco, _ 56 


84/1 22400 /2 


. 0.42 
Wy aHco, in 2.0 g of mixture = x 100 


= 21% of mixture 
1.6 x 21 


Weight of NaHCO, in 1.6 of mixture = = 0.336 g 


Let the weight of NaCl be x g 
Weight of NaHCO, = 0.336 g 
Weight of Na,CO, = [1.6 - (x + 0.336)] g 

= (1.264-x)g 
Since both Na,CO, and NaHCO, react with H,SO,, 
mEq of Na,CO, + mEq of NaHCO, = mEq of H,SO, 
t -x 0.336 


Zaru 3 _ we, i 
126/2 +2236) x10 25 x 0.5 x 2 (n-factor) 


. x=0.151 g 
-. Weight of NaCl = 0.151 g and % of NaCl = 9.43% 
Weight of NaHCO, = 0.336 g and % of NaHCO, = 21.0% 
Weight of Na,CO, = 1.264 — 0.151 = 1.113 
- and % of Na,CO, = 69.57% 


500 mL of 1.0M H,C,0,, 100 mL of 2.0 M HSO,, and 40 g of 
NaOH are mixed together. 30 mL of the above mixture is titrated 
against a standard solution of sodium carbonate containing 
14.3 g of Na,CO,-10H,0 per 100 mL of solution. Find the volume 
of carbonate solution used for complete neutralisation. 


Stoichiometry 3-25 


(SGD mEq of H,C,0, = 2 * 1.0 x 500 = 1000 


mEq of H5SO, = 2 x 2.0 x 100 = 400 
mEq of acid(s) = 1400 
Now mEq of NaOH (base) 


Wt x 100 
Ew 

40 
40/1 
Excess of acid/30 mL in the mixture = 400 
So mEq of acid = mEq of carbonate 


——Á Strength 143 
Normality of carbonate E 286/2 


I 


x 1000 — 1000 


(14.3 g/100 mL = 143g L3) 
N=1 
30 
mEq of acid (excess)/30 mL = 600 x 400 = 20 


— 20-2 NV 
— V = 20 mL of carbonate 


Calculate the percentage composition of a solution obtained by 
mixing 200 g of a 20% and 300 g of a 30% solution by weight. 


WSO Weight of solution I = 200 g 


20 x 200 
Weight of solute in solution I = EUM =40¢ 
Weight of solution II = 300 g 
30 x 300 
Weight of solute in solution Il = SEC =90¢g 


Total weight of solute after mixing = 40 + 90 = 130g 


Total weight of solution after mixing = 200 + 300 = 500 g 


% by weight = 2 = 26.0% 


0.1 M HCI to liberate 0.04 mol of CO,. Calculate 


a. The percentage of each compound in the mixture 
b. The amount of acid used 


c. The amount of acid left after the reaction 


a. Let the weight of CaCO, and MgCO, be x and y respectively 
i xty=3,75 | 
CaCO, + 2HCl —9 CaCl, + H,O +CO, 
MgCO, + 2HCl—> MgCl, + H,O + CO, 
[Mw (CaCO,) = 100 g and Mw (MgCO,) = 84 g] 
Mol of CaCO, + Mol of MgCO, = Mol of CO, 
formed 
y 
eS + $4 0.04 
84x + 100y = 336 
Solving Eqs. (i) and (ii), we get 
245758 
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y= 3.75 — 2.4375 = 1.3125 
2.4375 x 100 


% of CaCO, = 3795. = 65% 


% of MgCO, = 100 - 65 = 35% 
b. HCl used = 2 x mol of CO, = 2 X 0.04 = 0.08 mol 
c. HCl left = Mol of HCI added — Mol of HCI used 
= 1 L x 0.1 —0.08 = 0.02 mol 


CONCEPT APPLICATION EXERCISE 3.4 


Subjective Type 
1. 0.5 g ofa mixture of K,CO, and Li,CO, requires 15 mL 
of 0.25 N HCI for neutralisation. Calculate the percentage 
composition of the mixture. 
2. Find the molality of 1.0 L solution of 90% H,SO, by weight/ 
volume. The density of the solution is 1.47 g co. 
3. What volume of 0.25 M H,SO, is required to neutralise 1 .90 
g of a mixture containing equimolar amounts of NaHCO, 
and Na,CO,? 
(molar mass of NaHCO, is 84, Na,CO, is 106) 
à ANSWERS : 
Subjective Type 


1. 96.0%, 4% 2.16.11 m 3. 60 mL 


1.5 g of chalk was treated with 10 mL of 4N HCI. The chalk was 
dissolved and the solution was made to 100 mL. 25mL of this 
solution required 18.75 mL of 0.2N NaOH solution for complete 
neutralisation. Calculate the percentage of pure CaCO, in the 
sample of chalk. 


ISa Excess of HCI in 25 mL = 18.75 x 0.2 mEq 
Excess of HCl in 100 mL = 18.75 x 0.2 x 4= 15 mEq 
Total HCl used = 10 x 4 = 40 mEq 
HCI used = 40 — 15 = 25 mEq = 25 mEq of CaCO, 
=25 x 103 x 50 g of CaCO, = 1.25 g 


1.25 x 100 
1.5 


% of CaCO, = = 83.33% 


10 g of a mixture of Cu,S and Cu was titrated with 200 mL 
of 0.75 M MnO,“ in acidic medium producing SO,, Cu?*, and 
Mn2*. The SO, was boiled off and the excess of MnO,” was 
titrated with 175 mL of 1 M Fe” solution. Find the percentage 
of CuS the in original mixture. 


IJD Total MnO,” = 200 ^ 0.75 M MnO," 
= 150 x 5 mEq of MnO,’ 
= 750 mEq of MnO,” 

Excess of MnO,” = 175 mL of M Fe? 
= 175 m mol of Fe” 


= 175 mEq of Fe? 
= 175 mEq of MnO,^ 
MnO,” used up = 750 — 175 = 575 mEq 
Cu, —3 ICu? + 2€ 
S% —> SO, + 6€ 
| mol of Cu,S requires 8e 
Ew (Cu5S) = 159/8 
CuS —9 Cv?* + S^ 
S2- —» SO, + 6e 
| mol of CuS requires 6e 
-. Equivalent weight of CuS = 95.5/6 
". x g of Cu,S and (10 —x) g of CuS react. 


1 (La Sid x 1000 = 575 
159/8 95.5/6 


+, x = Weight of Cu,S = 4.25 g 
-. Weight of CuS = 5.75 g 
% of CuS = 57.5% 


20 mL of M/60 KBrO, was added to a sample of SeO,7-. The 
bromine evolved was removed and the excess of KBrO, was 
titrated with 5.1 mL of M/25 solution of NaAsO,. Calculate the 
amount of SeO4^- and balance the equations. 


Se0,2- + BrO,9 + H —> Se0,™ + Br, + H,O 
BrO,° + AsO e EDO —— Br + AsO, + H* 
(Br = 80, K = 39, As = 75, Se= 79) 


Soll? This question cannot be solved by the equivalent method, 


since the numbers of electrons in the two reactions are 
different. The n-factors for BrO,° to Br, and BrO,- t0 
Bi? are different. So it has to be solved by mol method by 
balancing the two equations. 
First reaction: 

SeO, ——5SeO0," «2e | = 2) 


x-6=2 x—-822 
x=4 x=6 


10e + 2BrO, —> Br, 

2x-12=-2 2v 210 [n= S 

2x 210 n TIT 
Second reaction: 


6e *BrO, —— Br- (n = 6) 
x-6=-1 x=-l 
XJ 


AsO,’ —> AsO," + 2e 
xX-4--1 v-8=-3 
x=3 xw 3 (n = 2) 
First reaction: 
5SeO,? + SH,O—> 5 SeO,7- + 10H® + 10€ 
2BrO,° + 12H® + 10e —»5 Br, + 6H,O 
pe MR f 
5Se0,^- + 2BrO,? + 2H? —> 5SeO,2 + Br, + HO 


Second reaction: 
BrO,° + 6H® + 6e—> Br? + 2H,0 
3As0,? + 6H,0 —> 3AsO,- 6e? + 12H9 


—Ó—M————OTTEE———————————————O 


l 
Excess of KBrO,= 5.1 x rr 0.204 m mol 


`~ 


= 0.204 mmol of NaAsO, 
. 3 mmol of AsO," = 1 mmol of KBrO, 
0.204 mmol of AsO," = 0.068 m mol of KBrO, 


l 
Total KBrO, = 20 x a 0.333 mmol 


KBrO, used = 0.333 — 0.068 = 0.265 mmol 
2 mmol of BrO,° = 5 mol of SeO;?- 


).265 mmol of BrO,? = i x 0.265 — 0.6625 mmol of SeO,?- 
(Molecular weight of SeO,?- is 127) 
= 0.6625 x 102 x 127 g of SeO,"- 

= 0.8143 g of SeO,?- 


30 mL of a solution containing 9.15 g L^! of an oxalate KH, 


(C,0,)-7H,O required for titration 27 mL of 0.12 N NaOH 
and 36 mL of 0.12 N KMnO, for oxidation. Find x, y, z, and n. 


Sol. K.H.(C;04),nH;O 


Normality of oxalate as an acid = a = 0.108 
Ew of oxalate as acid 
. Strength _ 9.15 e47 
N 0.108 
l . 36 x 0.12 
Normality of oxalate as reducing agent = LU *=0.144 


Ew of oxalate as reducing agent = vu — 63.54 


Oxalate as acid: Mw = 84.72 
y 


Oxalate as reducing agent tus = 63.54 
X+y=2z z 

y= 1.5z 

exXyz-132 

“39%14+3%14+2~% 884 18n =254 
n-2 

Formula is KH4;(C2O,),2H,O. 


The neutralisation of a 1.20 g solution of a mixture of 
H,C,0,2H,0 and KHC,O,'H.,O and different impurities of a 
neutral salt consumed 37.80 mL of 0.25 N NaOH solution. On 
the other hand, on titration with KMnO 4 for 0.40 g of the same 
substance, 43.10 mL of 0.125 N KMnO, was required. Find 
the percentage composition of the substance being analysed. 


Stoichiometry 3.27 
Sol. | Let the percentage of H,C,O0,-2H,O be a% and the 
percentage of KHC,O,°H,O be 5^. 
a. H,C,0,2H,O0 as an acid has 2H? ions. 
‘n’ factor = 2, 
Mw = 126, Ew = 126/2 = 63 g mol! 
KHC,O,'H,O as an acid has HÊ ion. 
‘n’ factor = 2. 


Mw = Ew = 146. 
te | 4 A x 1000 = 37.80 » 25 
100 63 146 


b. Both H,C,0,2H,O and KHC,O, H,O, when act as 
reducing agents, C07 changes to 2CO,, therefore in 
both cases ‘n’ factor = 2. 

Ew of H)C,0,:2H,O0 = 63 gmol 
Ew of KHC,0,H,0 = = - 73 gmot! 


i) x 1000 = 43.10 x 0.125 
100 63 73 
a =H,C,0,2H,0 = 14.3% 


b = KHC,0,;H,O = 81.7% 


A sample of pyrolusite (MnO,) weighs 0.5 g. To its solution, 
0.6674 g of As,O, and dilute, acid are added. After the raction 
has ceased, Arsenic (As?) in As,O, is titrated with 45 mL of 
M/50 KMnO, solution. Calculate the percentage of MnO, in 
pyrolusite. (Atomic weight of As is 74.9 and that of Mn is 55.) 


Sol mEq of KMnO, = 45 x E =45 


Unreacted As,O, = 4.5 mEq 
=4.5 x 10? x 49.5 g of As,O, 


= 0.222 g 
As,O, —— 2As0," +10H® + 4e 
Ew (As,O,) = 19730 — 49.45 


Amount of As,O, reacted = 0.6674 — 0.222 
= 0.4448 g 
| 0.4448 
49.45 
[Ew (MnO,) = 87/2 = 43.5] 
= 0.0089 x 43.5 g of MnO, = 0.39 g of MnO, 


).39 
% of MnO, = ~ A 


s> 


0.6 g of a sample of pyrolusite was boiled with 200 mL of N/10 
oxalic acid and excess of dilute sulphuric acid. the liquid was 
filtered and the residue washed. The filtrate and washing were 
mixed and made up to 500 mL in a measuring flask. 100 mL of 
this solution required 50 mL of N/30 KMnO, solution. Calculate 
the percentage of MnO, in the sample (Mn = 55). 


= 0.0089 Eq of As,O 


` 
z 


x 100 = 78.2% 
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ISIP Mn“ + 2e- —> [Ew (MnO,) = 87/2 = 43.5] 


Total oxalic acid used = 200 x m = 20 mEq 


Excess of oxalic acid 
= 50 x 1/30 


5 
= 3 Eq of KMnO, in 100 mL 


> x 5 =— mEq, of KMnO, in 500 mL 


= mEq, of oxalic acid in 500 mL 


Oxalic acid used = 20 - — = — mEq 


= mEq of MnO, 


3 
= = x 10? x 43.5 g of MnO, 


= 0.5075 g of MnO, 


0.5075 x 100 


% of MnO,= = 84.583% 


1.5 g of a mixture containing As,O., Na,HAsO,, and some 
inert impurities is dissolved in water, and the solution is 
kept neutral by adding excess of NaHCO,. The solution 
when titrated with 0.1 M I, required 35.0 mL of it for 
complete titration. The solution is then acidified and excess 
of KI is added to it. The I, liberated required 35.0 mL of 
0.3 M Na,S,O, solution for complete titration. Find the 
percentage composition of the mixture (Atomic mass of As is 
75, Na is 23, and O is 16). 


Soi 1.5 gAs,O, [As**] Na, HAsO; [As?*] + L, (35.0 mL of 0.1 M) 


. * both 
As>*(remains same DOW 
| ( ) As*t—> As?* 


aio 
2) I —> 35.0 mL (0.3 m) 
As Na2S203 


H9 + excess KI 


In first experiment 
mEq of Na,HAsO, = mEq of I, 


= x 1000 =2x0.1 x 35 


2x0.1x35x E (z=) 

g7 O = — 
1000 

= 0.595 g % Na;HAsO, = 39.67% 


3.56 


To 100 mL of KMnO, solution containing 0.632 g of KMnO,, 
200 mL of SnCl, containing 2.4 g is added in presence of HCl. 
To the resulting solution, an excess of HgCl, is added at once. 
How many grams of Hg,Cl, will be precipitated? (molecular 


mass of KMnO, is 158, SnCl, is 95, and Hg,Cl, is 471 g mol!) 


USB 100 mL KMnO, + 200 mL SnCl, + H? —9 Mn** + Sn 


(0.632 g) (2.4 g) 
0.632 x 1000 
merria SS = e 
158/5 


mEq of SnCl, = =, x 1000 = 25.26 


=> SnCl, is in excess 


Excess mEq of SnCl, = 5.26 


mmol of SnCl, = 5 x 5.26 = 2.63 


SnCl, + 2HgCl, —> Hg,Cl, + SnCl, 

= 1 mol SnCl, = 1 mol Hg,Cl, 

= mol Hg,Cl, formed = 2.6 x 103 
=2.6x 10° x 471g 
= 1.225 g 


3.0 g of impure Na,CO, is dissolved in water and the solution 
is made up to 250 mL. To 50 mL ofthis solution, 50 mL of 0.1 
N HCL is added and the mixture, after shaking well, required 
10 mL of 0.16 N NaOH solution for complete neutralisation. 
Calculate the percentage purity of the sample of Na,CO,. 


ESA) Excess mEq of HCl = mEq of NaOH 


= 0.16 x 10 = 1.6 
mEq of HCl added = 0.1 x 50 = 5.0 
= mEq of HCI used against Na,CO, = 5.0- 1.6 =3.4 
Also mEq of Na,CO, = 5.0 — 1.6 = 3.4 (in 50 mL) 
= 17 (in 250 mL) 


E 
5 1000 = 17 >g=0. 
106/2 7 d is 


0.901 


x 100 = 30.03 


% purity = 


PCS 


10 mL of a sample of phenol was diluted with H,O and made 


up to 1.0 L. 20 mL of this solution was treated with 40 mL 
brominating solution (a mixture of KBrO, and KBr) in dil 
H,SO,. Excess of KI was added, and the liberated L, required 
15 mL of 0.1 M Na,S,O, for complete reaction. 25 mL of the 
same brominating solution, on similar treatment required, 20 
mL of 0.1 M Na,S,O,. Calculate the weight of phenol per litre 
of the original sample. 


(Brominating mixture: 


BrO,?  5Br? + 6H? —> 3Br, + 3H,O) 


Dilute 


1 L phenol 


20 mL of phenol 


plank titration: 
25 mL of brominating solution = 20 mL of 0.1 M Na,S,0, 
(28,01, —3À S406 *2e) l 


ssa 


n 
"m - Normality) 
Normality of brominating mixture 
NV (brominating mixture) = N,V,(S,0,2>) 
N, x 25= 0:1 x 1 x 20 

01x20 2 


MT735 25 
Titration of brominating mixture = phenol 


mEq of brominating mixture = mEq of phenol 
40 mL x XN = Total mEq 


Excess of brominating mixture = mEq of 5,0,7 
=15x0.1 x1=15 mEq 
Reacted brominating mixture with phenol 


2 . 
= 40 x 55 - (15 x 0.1) = 1.7 mEq 


mEq of Br, = 1.7 
l. 
m mol of Br, = E (Br, + 2e — 2Br^) 
OH 


OH 
Br Br 
*3Br,|H50 —> *3HBr 
Br 


| mol of phenol = 3 mol of Br, 


mmol of phenol = LN E 
3 2 
sig 40? 5004 a 20m: 
^ 2 
1.7 3 
ao ae x 94x 50g x 10 mL of 


original solution 


EE 10? x94 x so x100 g L” 


=133.16gL! 
^. 133.16 g L^! of phenol. 


OH 
COOH 


ILLUSTRA 


A sample of pure aniline was dissolved in HCl and diluted to 
100 mL with H,O. 20 mL of liquid was treated with 25 mL of 
0.017 M KBrO, and about 10 g KBr was added to form Br. 
After 10 min, an excess of KI was added, and the liberated L, 
was titrated with 12.92 mL of 0.12 M Na,S,O,. Calculate the 
weight of aniline taken. 
ISOD BrO,?  5Br? + 6H? —> 3Br, + H,O 
1 mol of BrO,° = 3 mol of Br, 
25 x 0.017 mmol = 3 x 25 x 0.017 mmol of Br, 
Reactions involved are 
21° + Br, —9 L + 2Br? 
L + 26€ —— 21° (n= 2) 
28,047 —> $07" + 2e° (n = 2/2 = 1) 
Excess of Br, = moles of I, 
mEq of Na,S,0,= 12.92 x 0.12 x 1 
—12.92 x 0.12 mEq of L 
12.92 x 0.12 
= > mmol of L, 


: 0.1 
Br, reacted with aniline — E x 25 x 0.017 — dd 


= 12.75 — 0.7725 

— 0.4998 mmol of Br, 

& 0.5 mmol of Br, 
[Mw (aniline) = 93] 


NH, NH, 
Br Br 
*t3Br,/H;0 ——> 
Br 


3 mmol of Br, = 1 mmol of aniline 


0.5 mmol of Br, = — x 0.5 mmol of aniline 


Oo Wl 
Nn 


x10? x 93 = 0.0155 


g 
~ 


In the reaction of Mohr’s salt [FeSO,(NH,),SO 4, 6H,O] with 


O 
1 mol of ; COOH oxalate ions in the presence of H,O, and HÊ ions, [Fe(C,O alte 
91 an organic compound (A) ion is formed. Calculate the minimum mass of Mohr's salt and 
Es K,C,O, required to prepare 10 g of K,F e(C,0,),. 
with NaOH. How many moles of NaOH are required to SOI 2rc?* + 6C,0,° +H,0, +H®—> 2[Fe(C)0),- * 2H)0 
Feact with (A)? : 


Molecular weight of Mohr's salt = 392 
Molecular weight of K,Fe(C,0,), = 437 
Molecular weight K,C,0, = 166 


‘Sol 3 mol, because it has three acidic H® ions. 
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2 mol of K,Fe(C 04476 mol of K,C,04, 
10 6 10 

Tas „O - ® x ——x166g of K,C,O 
137 mol of K,Fe(C; 3 5 437 g „C204 

are required = 11.4 g 


1 mole of K,Fe(C,04); = 1 mol of Mohr's salt (Fe?) 


Ü 392 -897g 


10 c a 
P mol of K,Fe(C,04), = 437 


Calcium phosphide formed by reacting calcium orthophosphate 
with Mg was hydrolysed by water. The phosphine evolved was 
burnt in air to yield P,O;. How many litres of air, containing 
21% by volume of O,, was required to burn PH, and how many 
grams of magnesium metaphosphate would be obtained if 204 g 
of Mg was used for reducing calcium phosphide and the volumes 
of the gases were measured at STP? 


BB Ca(PO,), + 8Mg — CaP, + 8MgO NO 
Ca,P, + 6H,0 —> 3Ca(OH), + 2PH, ...(ii) 
2PH, + 40, — P,O, + 3H,O ...(iii) 
P,O, + MgO — Mg(PO,), . (IV) 

(Magnesium metaphosphate) 
From Eq. (i): 
8 mol of Mg = 1 mol of Ca,P, = 8 mol of MgO 
2.4 


0. 

= =0.] molofMg = = mol of Ca,P,, 
24 8 s 

= 0.1 mol of MgO 
From Eq. (ii): 
1 mol of Ca,P, 2 2 mol of PH, 
A — mol of Ca,P, = E 
From Eq. (iii): 
2 mol of PH, =4 mol of O, = 1 mol of PO; 


0. 4 1 
UE mol of PH, LM) mol of O, 
4 2 4 


M 


] ( 0.1 
(S mol of P.O, 


= 0.05 x 22.4 L of O, at STP = 1.12 L 


100 
= 3r" 1.12 Lof air = 5.33 L of air 
From Eq. (iv) 
| mol of MgO = | mol of PO, (it shows MgO is in excess) 


0.1 mol of MgO = T: mo] 
Weight of metaphosphate formed = P: x]82 =2.275 g 


A mixture of Cu, Fe, and Al was reacted with 13.33 g of NaOH. 
During chlorination with the same amount of metal mixture 
entered into reaction with 12.5 L of chlorine measured at STP, 
while for treating the same amount of the metal mixture 343.64 
mL of HCl, having a density of 1.1 g mL! and containing 10% 
by mass of HCI were required. Determine the mass percentage 
of the metals in the mixture. 


Out of Al, Fe, and Cu, Al reacts with NaOH. 


a. 2Al+2Na0H + 10H,O—— 2Na[AKOH)4,H50] 


1 mol of Al = | mol of NaOH 


( i22) mol of NaOH 
40 


(2829) mol of Al 
. 40 


1333 27 g of AL - 9 g of Al 
40 


M 


Ill 


b. 2AI + 6HCI > 2AICL, 
Cu does not react with HCI. 
2 mol of Al = 6 mol of AICI, 


9 mol = [= x ] x 36.5 = 36.5 g of HCl is used for A] 
27 27 
c. Fe+2HCl— FeCl, + H, 


d. Total moles of HCl required to react with Al and Fe 


z Mx V 
10 x 10. x 1.1 zd 
i a |e 1 * 385 
Weight of HCl ( 365 1000 
—-37.8g 


Weight of HCl used for Fe — 37.8 — 36.5 = 13g HCI 
2 mol of HCl = 1 mol of Fe = 56 g of Fe 
1.3 56 


E mol of HCl = E x 
36.5 2 


43^ 

L2) = 0.997 g Fe 
. 36.5 
All these metals react with with Cl, 
2Fe + 3Cl, — 2FeCl, 
Volume of Cl, at STP = (3 x =) x 22.4L 

2 56 

= 0.598 L at STP 


e. 2Al+3Cl, > 2AlCl, 
Volume of Cl, at STP = (3 x =| x 22.4 
= 2 2L 


=112 LofCl, 
f. Cu + Cl, > CuCl, ] 
Volume of Cl, at STP = (12.5 — 11.2 — 0.598) 
= 0.702 L of Cl, 


Wei ER V. " 
eight of Cu 22.4 x 63.5 21.99 g Cu 


A] 7 9 g, Fe = 0.997 g, Cu= 1.99 e 
Total weight — 11.987 g i 
%Al=75.08, %Fe=831, % Cu = 16.6 


Perdisulphuric acid (H,8,0,) or Marshall" 


by the e s acid can be prepared 


ah he a gti oxidation of H,SO,. At anode O, and H, 4 
a certain time LET UE After passing a current of 0.5 A for 
be 10.08 and 2 24 d» à of H, and O, collected was found t0 
EA » Tespectively, at STP. What is the weight of 
2°2Vs produced during the same time? Also find the duratiol® 


electrolysis (in seconds 
assumi 
Give all the electrode A oid 8 75% efficiency of electrolys* 


oh ode reactions: 
à Electr 


2H5S0, — H5S,0, + 2e 
o l At anode 
20H Md -H0-«2e 


He + 2e > H,] At cathode 
Since two reactions are occurring at anode and one 
reaction at cathode, number of equivalent of H,S,0, + 
number of equivalent of O, = number of equivalent of 
H,. 
Let the weight of H5S,O, be x g 
Eq of H,8,0, = 2 
| mol of H, = 2 Eq of H, = 224Lat STP 
10.08 
2241/2 
| mol of O, = 4 Eq of O, = 22.4 L 
2.24 
22.4/4 
:. Eq of H,S,0, + Eq of O, = Eq of H, 
XQ 224 — 10.08 
194/2 224/4 2241/2 


Eq of H, = 


Eq of O, = 


X 104-09 -.x-485g 
97 


Weight of H,S,0, = 48.5 g 
b. Atcathode, only one reaction takes place, so the number 
of faradays for electrolysis can be calculated from 
cathode reaction. 
| Eq of H, gas - 1 F 
10. 
i IE Eq =0.9F 
11.2 
For 75% efficiency, 
0 
Number of faradays delivered = 0.9 x s 
an x 96500 Coulomb 
75 
m 90 x 96500 
75 
_ 90x 96500 
75 
t= 23160 s = 6.43 hr 


s 4 pyrolusite ore was treated with 50 mL of 1.0 N oxalic 

kg dia sulphuric acid. The oxalic acid left undecomposed 

M ud E d 250 mL in a flask. 25 mL of this solution, when 

m t 0.1 N KMnO, required 32 mL of this solution. 

rds e percentage of pure MnO, and also the percentage 
ailable oxygen from MnO,. 


Iz 


5x) 


D 


Sol. ' mEq of excess of oxalic acid 
= 32 x 0.1 in 25 mL 


250 . | 
= 0.1 x —— in 250 mL 
32 x 25 
= 32 mEq 


Total oxalic acid used = 50 x 1 = 50 mEq 
mEq of oxalic acid used for MnO, = 50 —32 7 18 


mEq of MnO, = 18 
= 18x10° «m gof MnO, 


= 0.783 g 


% of MnO, = oT x 100 = 48.93% 


mEq of MnO, = mEq of O, 


-, mEq of O, = 18 
Weight of O, = 18 * 103 x 8 = 0.144 g (1 Eq of O; = 8 g) 
0.144 
Y of 0) = — *100= 9% 


1.0 g NaHSO, and Na,SO, was dissolved in water to prepare 
a 200 mL solution. Two separate experiments were carried out. 

a. 25 mL of sample was mixed with 25 mL of I, solution and 
excess of I, left after the reaction with NaHSO, and Na SO, 
was back titrated with 0.1002 N Na S,0;. 1.34 mL of which 
was required (25 mL of I, solution is equivalent to 24.20 
mL of Na,S)0, solution). 

b. 50 mL of sample was oxidised to Na,SO, by the action of 
H,0,; H,SO, formed (from NaHSO,) was titrated with 
22.3 mL of 0.1 N NaOH. Find percentage of NaHSO, and 
Na,SO, in the original sample. 


Sol. | 1 g mixture is present in 200 mL 
a. 25 mL of mixture] 
— mEq of NaHSO, * mEq of Na, SO, = mEq of 1, used 
mEq of I, used = 24.20 — 1.34 x 0.1002/25 mL | 
= 22.905 
mEq of I, in 200 mL = A x 22.905 = 18.32 


_—~ 


b. 50 mL is oxidised to Na,SO, 
H,SO, formed by NaHSO, = 22.3 mL of 0.1 N NaOH 
-. mEq of NaHSO, = 22.3 x 0.1 = 2.23/25 mL 


mEq of NaHSO, in 200 mL = 2.23 x ae 8.92 
50 
Ew of NaHSO, in experiment 
4. Mw 
dec 
2 
HSO,° + $0,7 (x=2) 
l+x-6=-l x-8=-2 
x=4 x=6 


3 


————— n 


-32 


r3 


CONCEPT APPLI 


Subjective Type 
i. 


. Two acids A and B are titrated separate 


. 1.00 g of a mixture, consisting of equal number of moles 


. A sample of chalk (CaCO,) is contaminated with calcium 


- HCI; 40.1 N/10 NaOH is required to neutralise the excess 


. The amount of 


. An aqueous solution containing 0.10 g KIO, (formula 
weight = 


— 


Physical Chemistry x MSAN as 
Ew of NaHSO, in experiment | 
ais 
HGe -— H9 + S0; 


mEq of Na,SO, in the original solution 
= 4932-2 % 8.92 = 0.46 


x 


Ew of NaHSO, 


l 
Weight of NaHSO, = 8.92 mEq x 1000 


Mw 
| Ew of NaHSO, = € - 108 


> 
= 8:92 x 104 = 0.92 
1000 
2 
- 95 of NaHSO, = O22! x 100 = 92.7 % 


- 
| Equivalent weight of Na SO; = 2 E = 


Weight of Na,SO, = 0.48 mE x63 =0.3 

eight of Na,50, qx 1000 g 
0.3 

% of Na SO, = — x100 =3% 

NaHSO, = 92.7%, Na,SO, = 3% 


CATION EXERCISE pue 


A solution of KMnO, containing 3 g L-!, is used to titrate 
H-O, solution containing 2 g L-!. What volume of KMnO, 
will be required to react with 20 mLof H,O,? Also find 
strength of H,O, solution in terms of available oxygen. 

ly each time with 
25 mL of N-Na,CO, solution to require 10 mL and 40 mL 
respectively, of their solution for complete neutralisation. 
What volume of A and B would you mix to produce 


1 Lof N-acid solution? 


of carbonates of two alkali metals, required 44.4 mL of 0.5 
N-HC1 for complete reaction. If the atomic weight of one 
of the metal is 7.00. Find the atomic weight of the other 
metal. What will be the total amount of sulphate formed 
on quantitative conversion of 1.00 g of the mixture into 


sulphates? 


sulphate 1.0 g of the solid is dissolved in 230 mL of N/10 


acid. What is the percentage of chalk in the mixture. 
CO in a gas ample can be determined by 
using the reaction 

LO, + 5CO — I, + 5CO, 
Ifa gas sample liberated 0.2 g of L, how many g of CO 
were present in the sample. 


214.0) was treated with an excess of KI solution. 


ERE 


cidified with HCl. The liberated I, 
sulphate solution to decolourise 
lex. Calculate the molarity of 


The solution was a 
consumed 45.0 mL of thio 
the blue starch-iodine comp 
the sodium thiosulphate solution. 


i) fuera n 


Subjective Type 
1. 0.66 V 
3. 1.4 g, at. wt. = 23.09 


6. 0.0623 mol rs a 


3.8 USE OF INDICATORS 


tion: The determination of the concentration 

of bases by titration with a standard acid is called acidimetry 

and the determination of the concentration of acids by 

titration with a standard base is called alkalimetry. 

b. Acid-base indicators: The substances that give different 
lled acid-base indicators. 


colours with acids and bases are ca 
These indicators are used in the visual detection of the 


equivalence point in acid-base titrations. They are also called 
pH indicators because their colour changes according to the 


pH of the solution. 


2. 200 mL, 800 mL 


4.95% 5. 0.110 g 


RFCERNNEPORUITCT VEU UE D 


a. Acid-base titra 


Table 3.1 pH range of indicators 
Indicators _ pH range 


Colour of indicator | 


Acidic Basic 
medium | medium 


Gras MR 


(L| Methyl rangei 31-45 [Red — | Omne 
2, [Bromophenol blue | 50-46 Yellow | Bits 
PG Menged 4263. |Reb 5. NEON 
areo | ORS Ree 
5. | Bromothymol blue | 6.0-7.6 | Yellow _ Blue 
[6 [Phenolred 654 | Yellow Red 
Colourless Pink 
| &|Thymolbue ^ [8696 | Yellow | Purple _ 
9. | Thymoiphthalein | 8310.5 | Colourless! Blue — 


3.8.1 Selection of Indicators 
In the selection of indicators for a titration, two points are taken 
into consideration: 

a. pH range of indicator 

b. pH range near the equivalence point in the titration. 

The indicator whose pH range is included in the pH change 

of the solution near the equivalence point is taken as a suitable 
indicator for the titration. 


Strong Acid-Strong Base Titration 

j b uration of HCI with NaOH, the equivalence point lies in 
: ep 1 range of 3.0—10.5. Thus, any indicator whose pH ran£* 
ies in that range would be suitable, but the most ideal would 


be that which shows colo 
S ur ch . 
(pH = 7). anges very near to the end point 


T 


Thus bromothymol blue having pH range 6.0-7.6 is 
most suitable. Phenolphthalein (8.0-9.8) and methyl orange 
3.1 _4.5) are most suitable indicators. 

Phenolphthalein is, however, most suitable when an alkali 


is used as titrant, while methyl orange is most suitable when an 
acid is used as titrant. 


Weak Acid-Strong Base Titration 


in the titration of CH,COOH and NaOH, pH range at the end point 
is 8-10. Since the pH range near the end point lies on the alkaline 
side. phenolphthalein and thymol blue are suitable indicators. 


Weak Base-Strong Acid Titration 


In the titration of NH,OH and HCl, pH at the end point is 


3.0-6.0. Thus, methyl orange, methyl red, and bromophenol blue 
are suitable indicators. 


Weak Acid-Weak Base Titration 


In the titration of CH;COOH and NH,OH satisfactorily there 
is no sharp change at the end point and pH varies between 6.0 
and 8.0. Thus, no indicator can function satisfactorily in such 


titration. Approximate end point is possible with phenol red (pH 
range 6.8—8.4). 


There are three acid-base indicators. Methyl orange (end 
point at pH — 4), bromothymol blue (end point at pH - 7), 
phenolphthalein (end point at pH — 9). Which is the most suitable 
indicator for the following titrations? 


a. HSO, with KOH b. KCN with HCl 
c. NH, with HNO, d. HF with NaOH 


a. Strong acid and strong base: Any indicator can be used. 


b. Strong acid and salt of weak acid and strong base: 
Methyl orange is suitable. 


|. €. Weak base and strong acid: Methyl orange 
d. Strong base and weak acid: Phenolphthalein 


3.82 Use of Double Indicators in Neutralisation 
In the titration of a mixture of NaOH and Na,CO,; NaOH and 
NaHCO,, Na,CO, and NaHCO,; and NaOH, NaHCO,; and 
Na,CO,, two indicators phenolphthalein and methyl orange are 
used. 
a. Phenolphthalein (weak organic acid): It gives colour 
change in the pH range of 8-10. 
i. It indicates complete neutralisation of NaOH or KOH 
(strong base). 
ii. It indicates half neutralisation of Na,CO, and at the end 
point, NaHCO, is formed. 
iii. It fails to indicate the neutralisation of NaHCO, at all 


because CO, is the product of the final neutralisation 
of NaHCO.. 


Stoichiometry 3.33 


CO, is an acidic oxide and in acidic medium, 
phenolphthalein does not respond. 


b. Methyl orange (weak organic base): It gives colour 


change in the pH range of 3.0-4.4. Due to lower pH range, 
it indicates complete neutralisation of whole of the base, 
i.e., at the end point (colour change for indicator) the above 
mixtures are fully neutralised. So in the analysis of such 
alkali mixtures, both the indicators are used one after the 
other in the same volumetric mixture successively or two 
indicators are used independently in two different titrations. 


For example: 


a. In the neutralisation mixture of NaOH and Na,CO, 


i. Use of methyl orange: NaOH and Na,CO, both are 
neutralised completely, i.e., 


mEq of NaOH + mEq of Na,CO, = mEq of acid used. 
Volume of acid for complete neutralisation of 
NaOH + Na,CO, = Volume of acid at the end point 


li. Use of phenolphthalein: NaOH is fully neutralised and 
Na,CO, is half neutralised, i.e., 


l 
mEq of NaOH + j Eq of Na,CO,) 


= mEq of acid used 
or volume of acid for complete neutralisation of NaOH 


1 e 
+ 5 volume of acid for complete neutralisation of 


Na,CO,) = volume of acid at the end point 


b. In the neutralisation of NaHCO, and Na,CO, 


i, Use of methyl orange: NaHCO, and Na,CO, both are 
fully neutralised, i.e., 


mEq of NaHCO, + mEq of Na CO, = mEq of acid used. 
or 


Volume of acid for complete neutralisation of NaHC O, 
+ Na,CO, = volume of acid at the end point 


ii. Use of phenolphthalein: NaHCO, is not neutralised at 
all, but Na,CO, is half neutralised, i.e., 


l 

mEq of Na,CO, = mEq of acid used 

or 

l 

> (Volume of acid for complete neutralisation of 


Na,CO,) 
= Volume of acid at the end point 


3.8.3 Summary of Indicators Used 


a. Indicator in acid-base titration 
i. Strong acid versus strong base (methyl orange) 
ii. Strong acid versus weak base (methyl red) 
iii. Weak acid versus strong base (phenolphthalein) 

b. Methyl orange indicates 100% reaction of any type of base 
(NaOH, Na,CO,, NaHCO,) with acid. 

c. Phenolphthalein indicates 100% reaction of NaOH, 50% of 
Na,CO; (up to NaHCO,) and no reaction of NaHCO,. 


3.34 Physical Chemistry 


d. In the titration of mixture of HCl and H,PO, by NaOH 
i. Methyl red indicates complete ionisation of HCI and 
first step ionisation of H,PO, 


HCI =— H® + CI” 


H,PO, —— H? + HPO, 


Table 3.2 Result with two indicators 


ii. Bromothymol blue indicates second step ionisation of 
H,PO, i.e., 


H,PO,° —— H? + HPO,” 
iii. Methyl orange indicates first step ionisation of 


H,SO, —— HÊ + HSO,° 


PELL RM A C CONG 


olume of HCI used with indicator Volume of HCl used with indicator 


Phenolphthalein Methyl orange | Phenolphthalein | Methyl orange added after 
first end point is reached 


(x 


^ 


| 


1. NaOH + Na,CO, 7 
100% 50% 


` T (v 


100% No reaction 


2. NaOH + NaHCO, 


3. Na, CO, + NaHCO, 


3.8.4 Self-Indicator in Redox Titration 

Oxidising agents such as KMnO,, K,Cr,O,, and I, can be used 
as self-indicators in redox titration. In case of KMnO,, the colour 
changes from violet to pink in acidic medium due to the reduction 


of MnO,° to Mn?*. 


In K4Cr,O,, the colour changes from orange to green due to - 


the reduction of CrO- to Cr3* in acidic medium. 


Similarly in L, the colour changes from dark brown to 


colourless due to reduction of I, to I^. 


Reactions: 
1. 16H® + 2MnO,° + 5C,0- —o 2Mn** + 8H,O + 10CO; 
Violet Pink 


2. 14H® + Cr,0,7 + 3607 —> 2Cr3+ + 2CO, + 7H,O 
Orange Green 
3. L + 28,04- — 21? + 8,0," 
Dark brown Colourless 
However, in the titration of Cr,O ^ with a reducing agent 
such as C,O 2- both internal and external indicators are used. 
Diphenylamine + H,PO, is used as an internal indicator, and at 
the end point, change in colour from green to bluish violet takes 
place, whereas potassium ferricyanide, K,[Fe(CN),], is used as 
an external indicator, and at the end point, change in colour from 
blue to light brownish yellow takes place. 


3.8.5 Determination of Alkalinity in a Given Water 


Sample 
The alkalinity of water is its acid neutralising capacity. It is the sum 
of all the titrable bases. The alkalinity of natural water is due to the 


+ z) 
100% each 


100% each 


(X 
100% each 


x 
(z = z) x (remaining 50% Na,CO, 


10053 " 2 isindicated) 


(remaining 100% NaHCO, 


is indicated) 


o» 


+ zZ) 


(remaining 5095 of 
Na,CO, and 100% 
NaHCO, are 
indicated) 


y) 


salt of carbonates, bicarbonates, borates, silicates, and phosphates 
along with hydroxyl ions in the free state. However, the major 
portion of the alkalinity in natural water is caused by hydroxides, 
carbonates, and bicarbonates, which may be ranked in order of 
their association with high pH values. Alkalinity measurement is 
used in the interpretation and control of water and waste water 
treatment process. 

Principle: The alkalinity of a sample can be estimated by 


titration with standard H5SO, or HCI solution. Titration at pH 
— 8.3 or decolourisation of phenolphthalein indicator will indicate 


e 
complete neutralisation of OH and 1/2 of CO,*-, while at pH 
" 4.5 or sharp change from yellow to orange of methyl orange 
indicator will indicate total alkalinity (complete neutralisation of 


[S 
OH, CO,7, and HCO,°). 


20 mL of x M HCI neutralises completely 10 mL of 0.1 M 
NaHCO, solution and a further 5 mL of 0.2 M Na,CO, to methyl 
orange end point. What is the value of x? à 


SG) mEq of HCI = mEq of NaHCO, + mEq of Na,CO, 
20xx-10x0.145x02x2 ] 


3 
x= —2z0.15M 
20 


How many mL of 0.1 N HCI is required to react completely 
using phenolphthalein with 2.0 g mixture of Na,CO, and NaOH 
containing equimolar amounts of two? É 


Yo 


Stoichiometry 3-35 


Let x mol each of Na,CO, and NaOH be there in 2.0 g 
mixture. So 

(106) + x(40) =?2?>x= 
In neutralisation: 

g Eq of Na,CO, = 2x 

But only half will be neutralised in phenolpthalein. 
g Eq of NaOH = X: fully neutralised 


E 
73 


l ^ -— P l y 
^ —(2x)+x=g mEq of HCl = —V 
zm z x) g mkq 10 


l 
or V = 20x = 20( +] = 0.274 L= 274 mL 


~ 


One gram of a mixture of NaHC,O, and Na,C,O, dissolved 
in water consumes in titration 50.28 mL of 0.1 N NaOH with 
phenolphthalein as indicator. If 1 g of the mixture is heated to 
constant weight, what would be the weight of Na,CO, produced? 


The acid oxalate consumes 50.28 mL of 0.1 N NaOH 
50.28 mL of 0.1 N NaOH 
_ 50.28 
1000 
This reacts with the same quantity, i.e., 5.028 x 10? mol of 
NaHC,O, = (5.028 x 10? x 112) g = 0.563 g 
~<. 1—0.563= 0.437 g is Na,C,O, 
Since 2NaHC,O, gives Na,CO,, 0.563 g would give 


x 0.1 Eq = 5.028 x 10? Eq 


(224 g) (106 g) 
— x106g = 0.2664 g of Na,CO, 
Na,C,0, —> Na,CO, + CO 
134g 106g 
0.437 g would yield x 106 = 0.3457 g of Na,CO, 


. Total weight of Na,CO, = 0.2664 + 0.3457 


= 0.6121 g 


A mixture solution of KOH and Na,CO, requires 15 mL of 
N/20 HCI when titrated with phenolphthalein as indicator. But 
the same amount of the solutions when titrated with methyl 
orange as indicator requires 25 mL of the same acid. Calculate 
the amount of KOH and Na,CO, present in the solution. 


a. With methyl orange as indicator: 
Full titre value of KOH (let x mEq) + Full titre value of 


N 
Na,CO,(let y mEq) = 25 mL x 20 mEq 
N 
xty-25mLx — sd 
á 20 =” 
b. With phenolphthalein as indicator: 


Full titre value of KOH (x mEq) + i titre value of 


20 
Solving Eqs. (1) and (ii), we get 


y N 
Na,CO, 3 mEq| -15 mLx ~~ mEq 


x= 7 mEq, y= | mEq. 


(Mw = Ew of KOH = 56, Mw of NaCO, = 106, 
Ew = 106/2 = 33) 
mEq of HCl = mEq of Na,CO, 
| mEq of Na,CO, 
= 1 x 10% x 53 g of NaCO, 
= ().053 g of Na,CO, 
Similarly, mEq of HCL = mEq of KOH 


» i x 102 x 53 g of KOH 


Il 


= 0.014 g of KOH 


500 mL of a solution contains 2.65 g of Na,CO, and 4 g of 
NaOH. 20 mL of this solution titrated each time against N/10 
H,SO,. Find out the titre value if 


a. Methyl orange is taken as an indicator 


b. Phenolphthalein is taken as indicator 


ol Na,CO, in 1L-2x2.65-55g 


NaOH in 1 L=2x4=8g 
5.3 
Normality of Na,CO, = as z0.1N 
8 1l 
Normality of NaOH = —~=—N 
40 5 


N,V,(H,SO,) = N,V, (Na,CO,) 


N 
— xy, =20 x 0.1 N 
10 


E 20 cc 

N,V ,(H,80,) = N,V, (NaOH) 
N 

—xV, = N x 20 

10 5 


| 
V, = zx 20x10- 40 ce 


With methyl orange as an indicator: 


Full titre value of NaOH + Full titre value of Na,CO, 
= 40 + 20 = 60 cc i 


With phenolphthalein as an indicator: 


Full titre value of NaOH + 1/2 titre value of Na,CO, 
= 40 + 10 = 50 cc ] 


ILL L T ATIC 


A solution contains Na,CO, and NaHCO,. 10 mL of the solution 
required 2.5 mL of 0.1 M H,SO, for neutralisation using 
phenolphthalein as indicator. Methyl orange is then added when 
a further 2.5 mL of 0.2 M H,SO, were required. Calculate the 
amount of Na,CO, and NaHCO, in 1 L of the solution. 


3.36 Physical Chemistry 


(SGM Let Na,CO, =x mEq 
and NaHCO, = y mEq 
are present in the solution. 
a. With phenolphthalein as indicator: 


Na,CO, reacts to half its titre value and NaHCO, does 
not react. 


= 2.5 mL x 0.1 x 2 N mEq of H,SO, 


No | + 


x= 1 mEq of H,SO,/10 mL 


(' factor for H,SO, = 2) 

mEq of H,SO, = mEq of Na,CO, 
= | mEq/10 mL 
= 1] x 10° Eq/10 mL 
| 10°x103 
© I0 
= 0.1 Eg/L 
=0.1x53=5.3 g 

(‘n' factor of Na,CO, = 2) 


Mw = 106, Ew = S E 33 


Eq/L 


b. With Methyl orange as indicator: 
After the reaction using phenolphthalein as indicator, 
1 
mEq of Na,CO, and 1 mEq of NaHCO, is left in the 


solution. 


5 *ty-925mLx02*2N of H,SO, 


4 = mEq of NaHCO, 
E 3 mEg/10 mL 


-lyqs Eg/10 mL 


— 0.05 Eq 
= 0.05 x Ew of NaHCO 
= 0.05 x 84 
—- 4.2 g/L 
ba factor for Na,,CO, =1) | 
-. Mw = Ew of NaHCO, = 84 


3 


N, of NaHCO, = 0.05 N 
Amount of NaHCO, in 1 L 
= 0.05 x Ew of NaHCO, 

= 0.05 x 84=4.2 g 


(‘n factor of NaHCO, = 1) 
So Mw = Ew of NaHCO, =84 


Sol. ^ Let a, b, and c mEq of 


A sample of fuming H,SO, contains H,SO,, SO,, and SO,. 2.0 
g of the above sample was dissolved in water to make a 500 mL 
solution. 50 mL of the above solution on titration in presence 
of methyl orange requires 42.4 mL of 0.1 N NaOH. On the 
other hand, 100 mL of the same sample solution requires 1.85 
mL of 0.1 N of L, where L is reduced to I? ions. Determine the 
percentage composition of oleum sample. (In methyl orange, 


SO, - HO > H,SO, —*9P , HsO,°) 


Sol. NaOH displaces only one proton from H,SO, obtained 


from SO, in methyl orange as indicator. 
Eq of SO, = Eq of H,SO, 


Ew of (H,SO,) = a (x =1) 
Let x g of H,SO,, y g of SO,, and z g of SO, in 2.0 g/500 
mL mixture. 
i x ty+z=20 
ii. In 50 mL sample 
mEq of NaOH = mEq of (SO, + H,SO, + SO,) 
x/l0 y/10 z/10 
+ —— + 
98/2 80/2 64/1 
iii. In 100 mL sample: only SO, reacts with L, (L, is used 
as oxidising agent) 
L + SO, —> SO,? + 21° 
x=4 x=6 
mEq of SO, = mEq of L 


42.4 x 0.1 — ( 


) x 1000 


/ 
1000( Z » = 1.85 x 0.101 
64/2 
z = 0.0298 g 
0.02 
% of z= 90298 X 100.1 495 o; 
From (ii) 
X yp z 
— + ——+—=0, 
49 40 64 90? 
Substituting z = 0.0298 
= 1.60 % x (H,SO,) = 80 
y — 0.369 % y (SO,) = 1.85 
z — 0.0298 


% z (SO,) = 1.495 


6.5 g mixture of sample containing KOH, NaOH, and Na,CO 
was dissolved in H,O and the volume l ) 
mL. 25 mL of this solut 


H,SO, is required for neutralisation 


of KOH, NaOH and Na,CO à 
5 , b 
indicator. So 23 Oy using methyl orange as 


at+b+c=26.23 mL x 0.5 NH,SO, sel) 
When phenophthalein is used as indicator, 


a+b+> = 19.5 mL x 0.5 NH,SO, (ii) 


Solving Eqs. (i) and (ii), we get 

a+ b = 6.385 mEq 

c 7 6.73 mEq 

mEq of Na,CO, — 6.73 mEq of Na,CO, 


-3 106 |. 
= 6.73x 10? ZH 25 mL 


Il 


25 
=3.57g of Na,CO, 


3.57 
x 100 = 54.92% 
6.5 i 


25 
0.357 x a? e] in 250 mL 


Percentage of Na,CO, = 


Mass of (KOH + NaOH) = 6.5 — 3.57 = 2.93 g 
Let x g of KOH and (2.93 — x) g of NaOH 
x 2.93- =) 
<~- [= +——| x 1000 = 6.3 
E 40 . x a aN 
Since a + b = 12.77 in 25 mL of solution 
In 250 mL, a + b = 6.385 x 10 


Solving x = 1.316 g 


1.316 


% of KOH = x 100 = 20.24% 


% of NaOH = 100 — (54.92 + 20.24) = 24.84% 


CONCEPT APPLICATION EXERCISE 3.6 


Subjective T; Ype 
1. 200 mL of a solution of a mixture of NaOH and Na,CO, 
Was first titrated with 0.1 M HC] using phenolphthalein 
indicator. 17.5 mL of HCl was required for the end point. 
After this methyl orange was added and 2.5 mL of the same 
HCI was again required for next end point. Find the amount 

of NaOH and Na,CO, in the mixture. 


2. 30 mL ofa solution of mixture of Na,CO, and NaHCO, 
required 12 mL of 0,05 M H,SO, using phenolphthalein as 
Indicator. With methyl orange, 30 mL of the same sol ution 
required 40 mL of same H,SO,. Calculate the amount of 
Na,CO, and NaHCO, per litre in the mixture. 


3. 0.58 g of CH;(CH,) COOH was burnt in excess air and 
the resulting gases (CO, and H,O) were passed through 
excess NaOH solution. The resulting solution was divided 
Into two equal parts. One part requires 50 mL of 1.0 M HC] 
for complete neutralisation using phenolphthalein indicator. 
Another Part required 80 mL of same HCl for neutralisation 
using methy] orange as indicator. Calculate the value of n 
and the amount of excess NaOH solution taken initially. 

4. Two drops of phenolphthalein was added to 40 mL of HCI 
solution. When 30 mL of 0.1 M NaOH was added, part 


a hh 00000000 
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of the the solution turned pink, but colour disappeared 

on mixing the solution. Addition of NaOH was continued 

drop-wise untill a one-drop addition produced a lasting 

pink colour, and the volume of NaOH added was 32.56 

mL. Calculate 

a. The concentration of HC! solution 

b. The concentration of HCI solution when 30 mL base 
was added 

c. The pH of solution when 30 mL base was added 

d. The pH of solution when 32.56 mL base was added 

5. 50 mL of a solution containing | g each of Na,CO,, 

NaHCO, and NaOH was titrated with N HCI. What will 

be the titre value if: 

a. Only phenolphthalein is used as an indicator? 

b. Only methyl orange is used as an indicator from the 
very beginning? 

c. Methyl orange is added after the first end point with | 
phenolphthalein? | 

6. 1.7225 g of a metal (bivalent) salt A (CO, ^ OH), was 

dissolved in water to make 100 mL of solution. 50 mL of | 

this solution required 10 mL of 0.5 M HSO, solution for 

complete neutralisation using phenolphthalein indicator. 

Another 50 mL solution required 15 mL of same acid using 

methyl orange indicator. Deduce the formula of the salt. 


ANSWERS 


Subjective Type | 
| 1. NaOH = 0.06 g., Na,CO, = 0.0265 g 
| 2. Na,CO, = 424 g L-!, NaHCO, = 4.48 g L-! 
| 3. n=4, Weight of NaOH = 32 g 
4. a. Muc,7 0.0814, b. Mac = 3.66 x 10? 
c. pH = 2.4365 
5. a. V, = 34.4 mL 
b. V, = 55.8 mL c. V. =21.3 mL 
6. A3(CO,),(OH), 


3.9 HARD AND SOFT WATER 


Water which produces lathers with soap is called soft water and 
which does not produce lather with soap is called hard water. 
Hardness is due to the presence of bicarbonates, chlorides, 
and sulphates of Ca and Mg. 
24 ^" ^ 
M*' * 2C 17H,;COONa—>» (C,,H,<C OO),M + 2Na® 


d. pH - 7 


z034 2 M ` 
(M = Ca?", Mg?!) Sodium stearate 
(soap) 


?.. . i 
Ca^' or Mg?" ions present in hard water react with soap to 
form a precipitate of Ca and Mg salts of fatty acids and hence no 
lather is produced. 


3.9.1 Types of Hardness 
Temporary hardness or carbonate hardness is due to the presence 


of soluble Ca(HCO,), and Mg(HCO,), and permanent or non- 
carbonate hardness is due to the presence of CaCl, MgCL, CaSO " 
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and MgSO,. The process of removal of Ca?* or Mg? ion is called 
softening of water. 


3.9.2 Removal of Hardness of Water 


Removal of Temporary Hardness 
a. By Boiling 
M(HCO,), —> MCO,¥ + H,O + CO, 


(M = Ca or Mg) soluble. 
settles down 


b. Clark’s method 
Ca(HCO, ) + Ca(OH), —> 2CaCO, + 2H. 0 


Insoluble ` 
Mg(HCO,), + Ca(OH), —> MgCO, + CaCO, + 2H,O 
3/2 2 
Insoluble 
Removal of Permanent Hardness 
a. By washing soda (Na,CO,-10H,O) 
MU + CO s- —— MCO, 

b. Ion exchange method: (Inorganic cation exchangers) 
(permutit method). Permutit is an artificial zeolite, chemically 
it is sodium aluminium ortho silicates, Na, AL, Si,O,-xH;O 
or (NaAISIO ,:3H5O) 
2NaAISIO, + Ca?* —> (AISiO,),Ca + 2Na® 


OT 
Na,Z + MCI, — MZ+2NaCl 
Sodium zeolite 2+ 2+ (Calcium or magnesium 
eA opao U^ «MEO zeolite) 


The exhausted resin is regenerated by passing 10% solution 


of NaCl. 
MZ +2NaCl——> Na,Z -MCl, 
Exhausted Regenerated 
resin resin 


c. Organic ion exchanger 
These are complex organic molecules having big molecules 
with either ane group (—SO,H or —COOR) or basic 


group ( OH or NH, ) attached to them. Cation exchangers 
are capable of exchanging H® ions for cations and are 
represented by H®-resin, whereas the anion exchangers are 


capable of exchanging OH or NH, ions for other anions 


and are represented as OH -resin 

Reactions in cation exchanger: 

M” + 2(H®-resin) ——» M(resin), + 2H® 

(Ca^ or Mg”) 

Reactions in anion exchanger 

CI? + (OH -resin) —> (CI' -resin) + OH 

SO,2- + 2( OH -resin) —> [SO,? -(resin),] + 2 OH 
2H® + 20H —> 2H,O 


The water obtained by this method is free from all types of 
cations and anions and known as de-ionised or demineralised 


water. 


Regeneration of resins: 
Ca(resin), + 2HCI —— CaCl, + 2(H®-resin) 


Exhausted resin Regenerated resin 


(Cl0-resin) + NaOH —— NaCl + (OH -resin) 


Regenerated resin 


3.9.3 Internal Treatment of Hardness by Calgon 

Process (Sequestration) 
In this process, Ca?' and Mg?' ions present in hard water are 
rendered ineffective (sequestrated) by treatment with sodium 
polymetaphosphate (NaPO,),, where x is as high as 100, or 
more commonly with sodium hexametaphosphate (NaPO,), or 
Na,[Na,(PO,),]. Its trade name is calgon (which means calcium 
gone). 

When calgon is added to hard water, the Ca?* and Mg” ions 
present in it combine with (NaPO,), to form a soluble complex 
of Ca and Mg salts. 
2MCL, + Na;[Na,(PO;),] > Na,[M,(PO;),] + 4 NaCl 


(M = Ca or Mg) (M = Ca or Mg) 


(From hard water) (Complex salt soluble) 


The complex Ca and Mg ions do not form any precipitate 
with soap and hence readily produce lather with soap solution. 

Hard water is harmful to steam boilers due to the formation 
of boiler scale (CaSO,, CaCO,, and MgOC!). It reduces the 
efficiency of the boiler and damages it. 


3.9.4 Units of Hardness 

Degree of Hardness of Water in Terms of Parts Per 
Million or (ppm) 

Concentration of solute (in ppm) = mass of solute in gram in 10° 
mL solution. 


It is used in determining the hardness of water due to the 
presence of bicarbonates (temporary hardness), chlorides and 
sulphates (permanent hardness) of calcium and magnesium. 


The degree of hardness is defined as the number of parts of 
CaCO, or equivalent to other Ca and Mg salts present in a million 
(109) parts of water. 


Ew (CaCO,) = =50 


120 
Ew (MgSO,) = — = 60 


Ew (CaCl) = = 55.5 


This means 50 g of CaCO, = 60 g of MgSO, 
= 55.5 g of CaCl, 
For example: 


1. Degree of hardness in a water sample containing 222 pp™ 
of CaCl, 


55.5 g CaCl, = 50 g of CaCO, 


50 x 222 
222 g CaCl, = 555 


Degree of hardness in a water sample containing 36 mg of 
` MgSO; per kg of water 
103 mL or 10? g H,O contains MgSO, = 36 mg 


= 200 ppm 


2 


10° g H,O contains MgSO, = 36 x 103 mg = 36 g 
From the formula 

| mol of MgSO, = 1 mol of CaCO, 

120 g of MgSO, = 100 g of CaCO, 
100 x 36 


120 
~ Degree of hardness = 30 ppm 


36 g of MgSO, = = 30g of CaCO, 


Hardness in Terms of CaCO, Equivalents 
The reason of expressing hardness as CaCO, equivalents is due 
to the fact that its molecular mass is 40 + 12 + 48 = 100 (or 
equivalent weight = 50) and it is the most insoluble salt that can 
be precipitated in water treatment. 

Eq of CaCO, 

Mass of hardness producing material 
p x Chemical Eq of CaCO, 
~ Chemcial Eq of hardness producing substance 


_ Mass of hardness producing substance x 50 
Chemical Eq of hardness producing substance 

For example, the molecular mass of Ca(HCO,), is 162 and 
that of CaCO, is 100. So CaCO,:Ca(HCO,), = 100 : 162. The 
chemical equivalent of Ca(HCO,), is 162/2 = 81. In other words, 
162 parts by mass of Ca(HCO,), or 2 Eq react with same amounts 
as 100 parts by mass of CaCO, of 2 Eq. The Ca(HCO,), expressed 
as CaCO, Eq can be written as: 


100 
162x — = 100 Eq of CaCO, 
162 


Similarly Factor 
CaSO,:CaCO, = 136:100 — 100/136 
CaCL:CaCO, =111:100 — 100/111 


MgCLl:CaCO, 95:100 — 100/95 
MgSO,:CaCO, —120:100 100/120 
MgCO,:CaCO, —84:100 100/84 
.. It should be noted that chemical equivalents of CaCO,, 
— CaCl, MgCl,, MgSO,, and MgCO,, are 50, 68, 55.5, 
5, 60, and 42, respectively. 


1 ppm = ] part of hardness 


10° parts of water 
Note: * If the dissolved salts of Ca^* and Mg?* (including 
bicarbonates) causing hardness are present in water 
to the extent of 50-100, 100—250 and above 250 ppm 
of CaCO, equivalent, then the water is called not too 
hard, hard, and very hard respectively. 
| The degree of hardness upto 100-150 ppm in water 
| required for our daily needs such as cooking and 
| bathing, washing of clothes, etc., is tolerable. But if the 


degree of hardness exceeds this limit then water is not 
Suitable for domestic use. 
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ntains 1 mg CaCl, and | mg MgCl, 


A sample of hard water co : nied 
per litre. Calculate the hardness of water in terms of CaCO, 


present in per 10° parts of water. 
a.2.5ppm b.1.95 ppm c. 2.15 ppm d. 195 ppm 
Sol. Mw of CaCl, = 111.0 g 
Mw = CaCO, = 100g 
Mw of MgCl, = 95.0 g 
CaCl, + Na,CO,——> CaCO, + 2NaCI 
MgCl, + Na,CO, —> MgCO, + 2NaCI 
i. 111.0 g CaCl, = 100 g CaCO, 


| mg CaCl, = ~ mg CaCO, = 0.9 mg CaCO, 
ii. 95.0 g MgCl, = 100 g CaCO, 
1 mg MgCl, = =. mg CaCO, = 1.05 mg CaCO, 


Hardness of CaCO, ppm 
(0.9 + 1.05) x 10?g x 10°mL 
7 10° mL 


r^ ` 
2 59 p. A n. = e wm -—-— 
p MOLLY: du 2 | up mu 4 


A water sample is found to contain 96 ppm of SO E and 122 
ppm of HCO,” with C a** ion as the only cation. 
a. Calculate the ppm of Ca% in water. 


b. Calculate the mol of CaO required to remove HCO,- ion 
from 1000 kg of the water. 


c. Calculate the concentration of Ca?* in ppm remaining in 
water after adding CaO. 


CaSO, m  Ca*-SOj4- (i) 
Ca(HCO,), m — Ca?* + 2HCO,® ii) 


i. 96 ppm of SO,” = 96 g SO,™ in 10° mL H,O 
(Mw of SO - = 96 g) 


96 . 
= "a mol of SO ?-/106 mL H,O 


= | mol of SO,7/10° mL H,O 
= | mol of Ca**/10° mL H,O 
ii.122 ppm of HCO,° = 122 g HCO,° in 106 mL H,O 
(Mw of HCO,° = 61 g) 
122 
— =) © 
A mol of HCO, 
= 1.0 mol of Ca?* 
[Since | mol. of Ca(HCO,), = 2 mol. of HCO,°] 


Total Ca?" = 1 + 1 = 2 mol of Ca?* = 80 g in 10 mL H,O 


ppm Ca?* = 80 


b. CaO + Ca(HCO,), —> 2CaCO, + H,O ...(1i1) 


| mol. 
1 mol. 2 mol. 


=2 mol HCO,? in 106 g H,O 


ill 


Il 


Rr 


3.40 Physical Chemistry 


2 mol of HCO," is present in 10° mL (= 10° g) = 1000 kg 
of H,O. 


From Eq. (iii), | mol of CaO is required to remove 2 mol 
of HCO, present in 1000 kg of H,O. 


c. Total Ca?* already present = 2 mol 
Ca?* removed in Eq. (iii) = 1 mol 
Thus Ca?* (left) = 2 — 1 = 1 mol = 40 g = 400 ppm 


From Eq. (iii), it is clear that HCO,” ions are removed as 
CaCO,, but SO ^m ions are left in the solution. 


Hardness of water is 200 ppm. The normality and molarity of 
CaCO, in the water is 

a. 2 x 10%N, 2 x 105M 

b. 4x 10? N, 2 x 10? M 

c. 4x 10° N, 2 x 10° M 

d. 4x 10! N, 2 x 10! M 
c. Hardness is weight in grams of CaCO, in 10° mL of 


H,O or = 10° g of H,O (sd IbO-L 
Mw (CaCO,) = 100 g mol! 
M- W, x1000 
Mw x Volume of solution in mL 
_ 200 x 1000 _ , 9-3 M 


100 x 10° 
N=nx M22x2x103-4x10?N 


A sample of hard water contains 122 ppm of HCO,” ions. 
What is the minimum weight of CaO required to remove ions 
completely from 1 kg of such water sample? 

b. 112 mg 


a. 56 mg c. 168 mg 


SSID a. [Mw HCO,”) = 61 g, Mw (CaO) = 56 g] 
Temporary hardness is due to the HCO,” of Ca** and Mg?” 
and is removed by either boiling or by treating with CaO or 
Ca(OH), (Clark’s method) 


d. 244 mg 


Ca(HCO,), + CaO —> 2CaCO, + H,O Ai) 
] mmol | mmol 2 mmol 
122 ppm of HCO,” = 122 g HCO,” in 10° mL or 10°L 
= 122 mg HCO, in J.OL 
122 


61 


— 2 mmol in J.0 L 


= Z n-factor = 2 
= | mmol of Ca(HCO,), in 1.0 L 
According to Eq. (i), 
1 m mol of Ca(HCO,), = 1 mmol of CaO in 1.0 L 
=] x 56 = 56 mg of CaO 


= 56 mg of CaO in 1.0 L 
= 56 mg of CaO in 1 kg of H,O 
(I Lof H,O = 1 kg of H,O, -: gILO1 


100 mL samples of distilled water, tap water, and boiled water 
required, respectively, 2 mL, 17 mL, and 7 mL of soap solution 
to form permanent lather. The ratio of permanent to temporary 
hardness in the tap water is 


a. 3:2 b. 2:3 c. 1:2 d. Z1 
‘Sol. c. 
Distilled H,O Tap H,O Boiled H,O 
Only permanent 
hardness; 
No temporary 
hardness, Lempert hardness is 
lather +permanent | | removed 
factor hardness by boiling 
V OIU 
of soap | 
solution 2mL 17 mL | 7 mL 
required | 
Volume 
of soap 
effectively CM 17-2=15mL | 7-2-5mL 
used | 


(Temporary and permanent hardness) in tap H,O = 15 mL 
Permanent hardness in boiled H,O = 5 mL 

Temporary hardness in HO = 15 - 5 = 10 mL 
Permanent hardness _ 5 


-—z1:2 
Temporary hardness 10 


Hence, answer is (c). 


50 mL of water on titration with standard soap solution gave the 
following results: Lather factor — 0.4 mL, total hardness (TH) = 
8.2 mL, permanent hardness (PH) = 2.5 mL and standard hard 
water (containing 0.2 g CaCO, L~!) = 19.9 mL. Calculate each 
type of hardness in ppm. 


USO) Strength of CaCO, in hard water 


_ 0.2 x 50 
1000 
= 0.01 g = 10 mg of CaCO, Eq 
Deducting lather factor, | 


TH = 8[2- 0.4 = 7.8 mL 
PH = 2.5 -0.4 =2.1 mL 


Volume of soap solution corresponding to 50 mL of standard | 
hard water = 19.9 — 0.4 = 19.5 mL | 


p 


g L`! [Ew (CaCO,) = 50] 


p 
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. 19.5 mL of soap solution = 10 mg CaCO, Eq 


luti 10 
| mL of soap solution = 195 


= 0.5128 mg CaCO, Eq 

Volume of soap solution for total hardness 

= 7.8 mL 

= 7.8 x 0.5128 mg CaCO, equivalents 

_ 7.8 x 0.5128 x 10° mL 

50 mL 

= 80 mg L`! = 80 ppm (80 g 10° mL) 
<. TH = 80 ppm 
Volume of soap solution for PH 

=2.1 mL 

— 2.1 x 0.5128 mg 

_ 2.1 0.5128 x 10° mL 

7 50 mL 

= 21.53 mg L^! = 21.53 g/10° mL 

= 21.53 ppm 
Hence, PH = 21.53 ppm 
TH = 80 - 21.53 = 58.47 ppm 


CONCEPT APPLICATION EXERCISE 3.7 


Subjective Type 
1. If water contains 10 ppm of MgCl, and 8 ppm of CaSO,, 
calculate the ppm of CaCO,. 
2. Calculate the quantity of lime required to soften 10? L 
of H,O which contains 7.5 g L! of Ca(HCO,), and 
5.0 gL! of Mg(HCO,), 
3. A200 mL sample of water requires 5 mL of N/20 Na,CO, 


solution for complete precipitation of Ca?* and CaCO}. 
Calculate the hardness in ppm. 


|= | | .— ANSWERS 
Subjective Type 
| 


, L 1645 2.8.48 x 103g 3.62.5 ppm 


ll. Solved Examples Jl 


In basic solution CrO 4° oxidises S,0,% to form [Cr (OH),]^ and 
S04-. How many millilitres of 0.154 M Na,CrO, are required 
to react with 40.0 mL of 0.246 M Na,S,0,. 


3e + CrO, —> [Cr(OH)4]” 
$)0- —35 2804- + 8e 
N, V = N,V, 
3 x 0.154 x V, =8 x 0.246 x 40 
^ V =170 mL 


600 mL of HNO, and 200 mL of Ca(OH), of same molarity are 
mixed to give a resulting solution having pH = 1. What 1s the 
molarity of HNO, and Ca(OH),? 


Sol | Let M be the molarity of HNO, and Ca(OH), 
Normality of HNO, - Mx 1- M 
mEq of HNO, = 600 x M 
mEq of Ca(OH), = 200 x 2 x M = 400 M 
After reaction, mEq of acid left = (600 — 400) M — 200 M 
Total volume = 600 + 200 = 800 mL 
Normality of acid = 200 M/800 = M/4 
pH=1 
-. [H9] = 107 
^. M4=10! -. M=0.4 
N of Ca(OH), = 0.4 x 2 = 0.8N 


20 mL of a solution containing 0.2 g of an impure sample of 
H,O, reacts with 0.316 g of KMnO, in the presence of H5SO,. 


i. Find out the purity of H,O,. 


ii. Calculate the volume of dry oxygen evolved at 27°C and 
750 mm Hg pressure. 


fol) 2KMnO, + 5H,O, + 3H,SO, —> 2MnSO, + K,SO, 
+ 50, + 8H,O 
MnO,? + 8H® + 5e ——> Mn** + 4H40] x 2 
H,O, —> O, + 2H? + 2e] x 5 
Ew (KMnO,) = 31.6 
Eq of KMnO, = 0.316/31.6 = 107 Eq 
-. Eq of HO, = 107? 
Amount of HO, = 107 x 17=0.17 g 
0.17 
0.2 
Eq of H,O, = Eq of KMnO, = Eq of O, = 107 Eq 
Since O, is obtained from both H,O, and KMnO,, 
Eq of 0, 22x 10° 


Purity of H,O, = —— x 100 = 85% 


4 Eq of O, = 1 mol = 22400 mL at STP 


22400 > 


2 x 10? Eq of O, = x2x107 


= 11200 x 10? = 112 mL at STP 
Volume of O, at 27°C and 750 mm Hg pressure 
Li a OO 
i X 
760x112 750 x V; 
23 300 
_ 760 x 112 x 300 


= 124.7 mL 
750 x 273 


2 


ae 
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60 
app — SL +20 


O, on heating gave 


10 g of a mixture of NaHC,O, and Na,C, 
other 10 g of the mixture was dissolved 
ted with 0.1 


6.12 g of Na,CO,. An 
f this solution was titra 


in 1.0 L of solution. 25 mL o 
N NaOH. Find the volume of NaOH required. 


ISUD NaHC,O, —— Na,C,0, 


1 mol — mol 
2 


Na,C,0, —— Na;CO; 
1 mol 1 mol 

(No need to balance the equation) 

10 g (NaHC,O, + Na,C,0,) _4 6.12 gNa,CO, 


Let x g of NaHC;O, and (10 —x) g of Na,C,0, be taken. 


1C) (ez - $2 
2 \112 134 106 

Solving, we get x = 5.63 g (NaHC,O 4) 

-. 10- 5.63 = 4.57 g of Na,C,0, 

Second experiment: NaOH reacts only with NaHC,O, due 
to the presence of one acidic H atom only. 


Ew (NaHC,O,)= T 
mEq of NaOH= mEq of NaHC,O, 


5.63 
112/1 


) x 1000 x 23 


VxO.IN= ( 
1000 


V=12.5 mL 


How many ions are present in 2.0 L of a solution that is 0.8 M 


K, [Fe (CN)j] 
EED K, [Fe (Cd — 4K9 + [Fe(CN)] 


5 ions (mol) = 5 x 6* 102? ions 
5 x 6x 102 x 0.8 x 2-48 x 1074 ions 


Number of ions — 

What is the charge involved when 0.1 mol of C,H,NO, is 
reduced to C,H, NHOH? 
EN CHNO, + 4e° — CUNEO 
CHNO 
24+7+x-2=0 
x=-29 
n =-25 —(-29) =4 


4x6+5+x-4=0 
x--25 


] mol =4 F or 0.] mol = 0.4 F 


1.0 g of metal nitrate gave 0.86 g of metal carbonate. Calculate 
the equivalent weight of metal. 
‘ Sol Let the equivalent weight of metal = E 
Ew of metal nitrate = Ew of M+ Ew NO," = E + 62 


Equivalent weight of metal carbonate 
= Equivalent weight of Metal 


+ Equivalent weight of CO4- 


ESU MnO;? + 5Fe" + 8H? —> Mn 


2 
|. Weight of M nitrate 


Ew of M nitrate 
Weight of M sulphate 


'" Ew of M carbonate 
E +62 _ 10 
E430 0.86 

7 = 166.57 


AE 
was reduced to +2 


olved in acid. Iron 
mL of 0.112 N KMnO, for complete 
e and Fe4O, in the ore, 


0.804 g of Fe ore was diss 
state and it required 47.2 

oxidation. Calculate the percentage of F 
2+ + SFe?* + 4H,O 


47.2 mL of 0.112 N KMnO, 
— 47.2 x 0.112 mEq of Fe? 


_ 5.29 x 102 x 56 g of Fe? 


— 0.296 g of Fe 
% of Fe = 0.296 x100 _ 36 92 % 
0.804 
3 Fe = Fe,O, 


3x 56g=3 x 56+ 64 
ee 168 g of Fe = 232 g of Fe,0, 


% of FejO, = = x 36.8 = 50.85% 


What volume of 0.1 4 is needed to oxidise 100 mg of 


ferrous oxalate in acidic medium? 


l “Sol Fe? ——À Fe? te 


C0, - — 200, + 2€ 
Molecular weight — 56-88 _ 48 


Ew (Fe,C,0,) = 
3 3 
100x107 0.1 
100 mL of FeC,O, = L—————-—E 
2-4 48 48 o 


0.1 MKMnO, = 0.5 N KMnO, (7 factor = 5) 
V mL of 0.5 N KMnO, = ^ x 10° mEq of FeC;O, 


0.1 
Se Vx 0.5-— —— 10° = 
48 x 4.17 mL 


You are given a 2.18 g sample containing a mixture of XO and 
X,0,. It takes 0.015 mol of K,Cr,0, to oxidise the sample 
completely to form XO,° and Cr**. If 0.0187 mol of XO SE 
formed, what is the atomic mass of X? : 


Sol. | Let a mol of XO and b mol of X,O, react. 
6XO + 5Cr,O4^- + 34H9 —> 6XO,° + 10 Cr* + 17 H,0 
6 mol of XO = 5 mol of Cr,O;^- = 6 mol of XO,° 


a mol of XO = Ža mol of Cr,0,7- 


= a mol of XO,° 
3X,0, + 4Cr,0,2 + 26H® —> 6XO,° + 8Cr* + 13H;0 
3 mol of X,O, = 4 mol of Cr,O?- = 6 mol of XO," 


4 


_ Weight , 1000 


- 2= 
p mol 660s = T mol of Cr;O; = 382/ 4:212 
Weight = 1.91 g 


= mol of XO, 


m oxide (VO) with iron oxide (Fe, O4). 


5a , - - 0.015 
any grams of V; O, can 


6 


' In the reaction of vanadiu 
g*2b- 0.0187 


the products are V,0, and FeO. How m 


.a70. 0152, b= 0.00175 be formed from 2. 00 g of VO and 5.75 g of Fej0,. 
Let the atomic weight of X be =m gai? 2VO + 3Fe,0; — VO, 7 6FeO 
Molecular weight of XO =m + 16 go | mol : 6 mol 
XO, = 2m + 48 
Molecular m " : "s Here Fe;O, is a limiting reagent. 
ight of XO = 0. m+ 
Weight o ) 3 mol of Fe,O, = 1 mol of V,0, 
Weight of X;O; = 0.00175 (2m + 48) 0 z 6 
Total weight — 2.18 5-75 _ 9.936 mol of Fe,O; = mol of VO; 
160 
-. 0.0152 (m + 16) + 0.00175 (2m + 48) = 2.18 0.036 
. m- 99.08 -. grams of V)O; = - x 181.9 = 2.182g 


-. Atomic weight = 99.08 
A mixture of aluminium and Zn wel ighing 1.67 g was completely 


Borax in water gives the following: dissolved in acid, which evolved 1.69 L of H, at STP. What was 
the ecient of aluminium in the original ap 


313 Let the weight of Al be x g and weight of Zn be (1. 67 —x) g. 


© 
B,0,2 + TH,0 —> 4H;BO, + 20H 


How many grams of borax (Na,B 40, 10H,O) are required to 
a. Prepare 50 mL of 0.2 M solution E. DE y 
b. Neutralise 25 mL of 0.2 M H,SO, (1.67 — x) 
(Mw of borax — 382) Bq ot en 65 AID 
IB 5,07- + 7H,O —> 4H,BO, + 5 1.69 
4~7 ^ 3BO, + 20H Eq of H, = 
So, borax is a diacidic base. 12 
a. millimoles — eee x 1000 ` ae ea) = 1 
Mw 27/3  654/2 11.2 
Weight 
> 50 x 0.2 = = 
x 0.2 = 382 x 1000 => Weight = 3.82 g 3x654x 67 x24 27 -2x x 27= x 27x 654 
Weight 196.2x — 90.18 — 54x = 266.446 | 


b. mEq- x1000 = 2 x 0.2 x 25 


142.2x = 176.2666 
“x= 1.239 g 


ESF 
| 

| * 
L ck 


Single Correct Answer Type iil 
1 


. 34 g of H5O, is present in 1120 mL of solution. This solution 


10. 


11. 


is called 
(1) 10 vol solution 
(3) 34 vol solution 


(2) 20 vol solution 


(4) 32 vol solution 


. A 5.0 mL solution of H5O, liberates 1.27 g of iodine from an 


acidified KI solution. The percentage strength of H,O, is 
(1) 11.2 (2) 5.6 (3) 1.7 (4) 3.4 


. In Q. 2. the strength of H,O, in terms of volume strength is 


(1) 12 (2) 5.6 (3) 1.7 (4) 3.4 


. 1£20 mL of 0.1 M K,Cr,O, is required to titrate 10 mL of 


a liquid iron supplement, then the concentration of iron in 
the the the vitamin solution is 


(1) 1[2M (2)2.4M (3) 0.6 N (4) 1.56M 


. If an ore sample containing Mn is treated with 50 mL of 


0.2750 M Na,C,O, and the unreacted Na,C,0, required 
18.28 mL of 0.1232 M KMnO, in acidic medium, the 
number of moles of Mn in the ore is 

(1) 1.38 x 107 (2) 1.49 x 10-3 

(331.155 10 (4) 8.12 x 102 


. After 20 mL of 0.1 M Ba(OH), is mixed with 10 mL of 0.2 


M HCIO,, the concentration of OH ions is 
(1) 2x 103M 

(2) 102 M 

(3) 0.066M 


(4) OH ions are completely neutralised. 


. K,CrO, oxidises KI in the presence of HCI to L. The 


equivalent weight of the K,CrO, is 
Mw 
2 


2 Mw Mw 
2) Mwx— (3) — 4) — 
(1) (2) wae 8) 72 (4 7$ 


. The pH of 105 M HCI solution if 1 mL of it is diluted to 


1000 mL is 


(1)5 (2) 8 (3) 7.02 (4) 6.98 


. What volume of 0.1 M KMnO, is needed to oxidise 5 mg 


of ferrous oxalate in acidic medium (Mw of ferrous oxalate 
is 144.) 
(1)0.20mL (2)0.1 mL  (3)044mL  (4)2.08mL 


4 mol of a solution. containing A”* requires 1.6 mol of 
MnO, for the oxidation of A"* to AO,” in acidic medium. 
The value of n is 

(1) | (2) 2 (3) 3 (4) 4 

One mole of N,H, losses 10 mol of electrons to form a new 
compound A. Assuming that all nitrogen appears in the new 
compound, what is the oxidation state of nitrogen in A? 
There is no change in the oxidation state of hydrogen. 
(DH (2) -3 (3) +3 (4) +5 


Exercises 


12. 


14. 


15. 


16. 


17. 


i Exc EE 


100 mL of ozone at STP were passed through 100 mL "E 
10 volume H,O, solution. What is the volume strength or 
H,O, after the reaction? 
(1)9.5 (2) 9.0 


(3) 4.75 (4) 4.5 


. 10 mL of a solution of H,O, of 10 volume Strength 


decolourises 100 mL of KMnO, solution acidified With 
dil H,SO,. The amount of KMnO, in the given solution is 
(K = 39, Mn = 55) 

(1)0.282g | (2)0.564g (3)1.128g (4)0.155¢g 

25 mL samples of distilled water, tap water, and boiled 
water required, respectively, | mL, 13 mL and 5 mL Of soap 
solution to form a permanent lather. The ratio of temporary 
to permanent hardness in the tap water is 

(1) 3:2 (2) 2:3 (3) 1:2 (4) 2:1 
3.4 g sample of H5O, solution containing x% H,O, by weight 
requires x mL of a KMnO, solution for complete oxidation 
under acidic condition. The normality of KMnO, solution 
is 

(1) 1 N (2)2N (3)3N (4) 0.5N 
If 100 mL of acidified 2 N H5O, is allowed to react with 
KMnO, solution till there is a light tinge of purple colour, 
the volume of oxygen produced at STP is 
(1) 2.24 L (2)1.12L (3)3.36L 
In the following equation: 


(4) 4.48 L 


| CrO I - 8,0,2-+ OH —> [Cr(OH),J' + $0, 


18. 


19. 


20. 


21. 


22. 


What.volume of 0.2 M Na,CrO, solution is required just to 
react with 30 mL of 0.2 M Na,S,O, solution. 

(1)40mL  (2)80mL (3)20mL (4) 60 mL 

A balloon blown up has a volume of 300 mL at 27°C. 
The balloon is distended to 5/6 of its maximum stretching 
capacity. The maximum temperature above which it will 
burst is 


(1) 77°C (2) 67°C (3) 57°C (4) 87°C 


How many moles of MnO,° ion will react with 1 mol of 
ferrous oxalate in acidic medium? 
1 2 3 
1) — 2) — 3) > 
(1) 5 (2) 5 (3) 5 (4) 
In a reaction, 4 mol of electrons are transferred to | mol 
of HNO,. The possible product obtained due to reduction is 


(1) 0.5 mol of N, 
(3) 1 mol of NO, 


w | Cn 


(2) 0.5 mol of NO 
(4) 1 mol of NH, 


If' equal volumes of | M KMnO, and 1 M K;Cr,O, solutions 


are allowed to oxidise Fe (II) to Fe (III) in acidic medium. 
then Fe (II) oxidised will be 


(1) More by KMnO, 


(2) More by K,Cr,O, 
(3) Equal in both cases 


(4) Can't be determined 
Sulphuryl chloride SO,CL, reacts with water to give , 
mixture of H,SO, and HCl. Moles of NaOH required t° 


Muu-—-—-————  C———————— 


„utralise the solution formed by adding 1 mol of SO;Cl; 
" water is are 


to excess 

(I)! (2) 2 (3) 3 (4) 4 

100 mL of 0.01 M KMnO, oxidised 100 mL H,0, in acidic 
3. edium. Volume of the same KMnO, required in alkaline 

"dium to oxidise 100 mL ofthe same H,O, will be (MnO E 

"anges to Mn?* in acidic medium and to MnO; in alkaline 

medium) 

500 300 
(1) 100 nL (2) Es mL (3) ES mL  (4)Noneofthese 
3 


10 ail of H,O, solution (volume strength = x) required 
| 10 mL of N/0.56 MnO," solution in acidic medium. Hence, 
x IS: 
(1) 0.56 (2) 5.6 
s, 41° + Hg — Healy 
| mol each of Hg?" and I? will form Hgl ag 
(1) 1 mol (2)0.5mol (3) 0.25 mol (4) 2 mol 
26. In the mixture of (NaHCO, + Na,CO,), volume of HCl 
required is x mL with phenolphthalein indicator and then y 
mL with methyl orange indicator in same titration. Hence, 
volume of HCl for complete reaction of Na,CO, is: 


(3) 0.1 (4) 10 


(1) 2x (2) y (3) : (4) (y - x) 


27. Equivalent weight of MnO,” in acidic, neutral and basic 
media are in ratio of: 
(1)3:5:15  (2)5:3:1 (3) 5:1:13 

28. NH, * OCI? —> N,H, + CI? 
On balancing the above equation in basic solution, using 
integral coefficient, which of the following whole numbers 
will be the coefficient of NH? 
(1)1 (2)2 (3)3 (4)4 

29, Inan experiment, 50 mL of 0.1 M solution of a metallic salt 
reacted exactly with 25 mL of 0.1 M solution of sodium 
sulphite. In the reaction, SO,” is oxidised to SO. If the 
original oxidation number of the metal in the salt was 3, 
what would be the new oxidation number of the metal? 


(1)0 (2) 1 (3) 2 (4) 4 

30. 20 mL of x M HCI neutralises completely 10 mL of 0.1 
M NaHCO, solution and a further 5 mL of 0.2 M Na,CO, 
solution to methyl orange end point. The value of x is 
(1)0.167M (2)0.133M (3)015M (4)0.2M 

31. The normality and volume strength of a solution made by 
mixing 1.0 L each of 5.6 vol and 11.2 vol H,O, solution are 
(1) 1 N, 5.6 vol (2) 1.5 N, 5.6 vol 
(3) 1.5 N, 8.4 vol (4) 1 N, 8.4 vol 

32. RH, (ion exchange resin) can replace Ca?* in hard water 
RH, + Ca?t —> RCa + 2H® 


(4) 3:15:5 


l L of hard water after passing through RH, has pH = 2. 
Hence, hardness in ppm of Ca?* is 


" (1) 200 (2) 100 (3) 50 (4) 125 
: 100 mL of H,O, is oxidised by 100 mL of 0.01 M KMnO, 


in acidic medium (MnO,? reduced to Mn?*). 100 mL of the 


Stoichiometry 2*7 


same H,O, is oxidised by V mL of 0.01 M KMnO, in basic 
medium (MnO,^ reduced to MnO,). Hence, V is 


(1) 500 (2) 100 


34. F, can be prepared by reacting hexfluoro mangante (IV) 


with antimony pentafluoride as: 
K,MnF, + SbF, —“—> KSbF, + MnF + F, 


The number of equivalent of KMnF, required to react 
completely with one mol of SbF, in the given reaction 1S. 


(1) 1.52 (2) 5.0 (3)0.5 (4) 4.0 


35. 3 mol of a mixture of FeSO, and Fe,(SO4), required 100 


mL of 2M KMnO, solution in acidic medium. Hence, mole 
fraction of FeSO, in the mixture is 


d 2 2 4 3 
(D 7 (2) 3 (3) 5 (4) F 


36. In the following reaction: 


NO,° + As,5S; + 1,03 AsO,* + NO + SO > H® 
the equivalent weight of As,S, (with molecular weight M) 
is: 


3M M M M 
sd 2 EE A — 
(D Se (2) -3 G) a, 4) Se 


37. Consider the following reaction: 


M** + MnO,2 —9 MO,° + Mn?* 

If] mol of MnO,° oxidises 1.67 mol of M* to MO,*, then 
the value of x in the reaction is 

(1)2 (2) 3 (3) 4 (4) 5 


38. In the mixture of NaHCO, and Na,CO,, the volume of a 


given HCI required is x mL with phenolphthalein indicator 
and further y mL required with methyl orange indicator. 
Hence, volume of HCl for complete reaction of NaHCO, iS 


(1) 2x (2) y (3) (4) v -x) 


X 
5 


39. 10 mL of NaHC,O, is oxidised by {0 mL of 0.02 M 


MnO,*. Hence, 10 mL of NaHC,O, is neutralised by 
(1) 10 mL of 0.1 MNaOH (2) 10 mL of 0.02 M NaOH 


(3) 10 mL of 0.1 M Ca(OH), (4) 10 mL of 0.05 N Ba(OH), 


40. 1 mol of ferric oxalate is oxidised by x mol of MnO,~ in 


acidic medium. Hence, the value of x is 


(1) 1.2 (2) 1.6 (3) 1.8 (4) 1.5 


41. 40 mL of 0.05 M solution of sodium sesquicarbonate 


(Na,CO,NaHCO,; 2H,0) is titrated against 0.05 M HCl. x 
mL of HCl is used when phenophthalein is the indicator and 
y mL of HCl is used when methyl orange is the indicator in 
two separate titrations. Hence (v — x) is 


(80mL  (230mL  (3)120mL (4) None 


42. What volume of 0.05 M K,Cr,O, in acidic medium is needed 


for complete oxidation of 200 mL of 0.6 M FeC,O, solution? 
(1)1.2mL (2)12L (3)120mL (4) 800 mL 


43. 1 mol of MnO,?- in neutral aqueous medium dispro- 


portionates to 
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55. A mixed solution of potassium hydroxide and sodium 


44 


45 


46 


47 


48 


49 


50. 


51 


52 


53 


54 


(1) i- mol of MnO,° and ; mol of MnO, 
l : - 2 
(2) 3 mol of MnO,“ and — mol of MnO, 


(3) z mol of Mn,O, and mol of MnO, 
3 rA 


mol of MnO, 


Wile wily wy 


(4) i mol of Mn,O, and 


If equal volumes of 1 M KMnO, and 1M K,Cr,0, solutions 
are used to oxidise Fe2* in acidic medium, then Fe?* will be 
oxidised 

(1) More by K;Cr,O; 

(2) More by KMnO, 

(3) Equal in both the cases 

(4) The data is insufficient to predict the answer 

The volume strength of 1.5 N H,O, solution is 

(1) 4.8 (2) 8.4 (3) 3.0 (4) 8.0 

The equivalent weight of MnSO, is half its molecular weight 
when it is converted to 

(1)Mn,O,; (2) MnO, (3)MnO,? (4) MnO,” 
What volume of 0.2 M KMnO, is required to react with 
1.58 g of hypo solution (Na,S,O,) in acidic medium? 
(1020mL  (2)10mL (3) 16.6mL (4)50 mL 

In basic medium, CrO,” reacts with S,0,7- resulting in 
the formation of Cr(OH),? and SO,’?-. How many mL of 
0.1 M Na,CrO, is required to react with 40 mL of 0.25 M 
Na,S,0,? 

(1) 240.2 mL (2) 24.02 mL (3) 266.67 mL (4) 26.67 mL 
A 0.46 g sample of As,O, required 25.0 mL of KMnO, 
solution for its titration. The molarity of KMnO, solution is 


(1) 0.016 (2) 0.074 (3) 0.032 (4) 0.128 
Number of moles of K,Cr,0, reduced by 1 mol of Sn?* is 
1 1 2 
1) ——- 2)— 3)— 4)1 
(1) 3 (2) 6 (3) 3 (4) 


10 mL of H,O, solution (volume strength — x) required 10 
mL of N/0.56 MnO,° solution in acidic medium. Hence, 
x is 
(1) 0.56 (2) 5.6 (3) 0.1 (4) 10 
Equivalent weight of H,PO, ( molecular weight = M) when 
it disproportionates into PH, and H,PO, is 
(1) M (4) Bu 

4 
The volume of 0.5 M H,PO, that completely dissolves 
3.1 g of copper carbonate is (molecular mass of copper 
carbonate — 124 g mol !) 
(1)55.5 mL (2)45.5 mL (3)35.5mL (4) 33.3 mL 
0.4 g of polybasic acid HnA (all the hydrogens are acidic) 
requires 0.5 g of NaOH for complete neutralisation. 
The number of replaceable hydrogen atoms and the 
ecular weight of ‘A’ would be (Mw of acid = 96) 


(2) 1, 95 (3) 3, 93 (4) 4, 92 


M M 
E 3j 
(2) 7j 6) -7 


mol 
(1) 2, 94 


56. 


51. 


58. 


59. 


60. 


61. 


62. 


63. 


carbonate required 15 mL of an N/20 HCI solution when 
titrated with phenolphthalein as an indicator. But the same 


amount of the solution when titrated with methyl orange ay 


indicator required 25 mL of the same acid. The amount of 


KOH present in the solution is 
(1)0.014g (Q2)0.14g (3) 0.028 g 
25.0 g of FeSO,7H,0 was dissolved in water containing 
dilute H,SO,, and the volume was made up to 1.0 L. 25.0 mL 
of this solution required 20 mL of an N/10 KMnO, solution 
for complete oxidation. The percentage of FeSO,7H.O in 
the acid solution is 

(1) 7896 (2) 98% (3) 89% (4) 79% 

A 0.13 g of a specimen containing MnO, is treated with 


iodide ions. If iodine liberated requires 30.0 mL of 0.075 M 
S,O,, the percentage of MnO, in the mineral 


(4) 1.4 g 


solution of Na, 
is 

(1) 75.3% (2) 85.3% (3) 95.3% 
The mass of K,Cr,O, required to produce 5.0 L CO, at 
77°C and 0.82 atm pressure from excess of oxalic acid 
and volume of 0.1 N NaOH required to neutralise the CO, 
evolved, respectively, are 

(1) 7 g, 2.86L (2) 5g, 1.86L 

(3) 4 g, 0.86 L (4) None 
Amixture of Na,C,O, and KHC,O,°H,C,0, required equal 
volumes of 0.2 M KMnO, and 0.2 M NaOH separately 
for complete titration. The mole ratio of Na,C,0, and 
KHC,O,H,C,0, in the mixture is 

2 11 5 fi 

1) —- 2) — E) L 
(0 11 a ey; (4) 5 
The weight of MnO, and the volume of HC! of specific 


gravity 1.2 g mL7! and 4% nature by weight, needed to 
produce 1.78 L of CL, at STP. The reaction involved is: 


MnO, + 4HCI —> MnCl, + 2H50 + Cl, 
(1)0.48L (2)0.24L  (3)0.12L 
In the reaction 

CrO, + H,SO, —> Cr,(SO,), + H,O + O, 


1 mol of CrO, will liberate how many moles of O,? 


3 5 
(Dj Qi 


(4) None 


(4) 0.06 L 


9 
23 
(3) > 
The purity of H,O, in a given sample is 85%. Calculate the 


weight of impure sample of H,O, which requires 10 mL 0 
M/5 KMnO, solution in a titration in acidic medium. 
(1)2g (2) 0.2 g (3) 0.17 (4) 0.15 g 
0.848 g aqueous solution of a mixture containing Na,CO; 
NaOH, and an inert matter is titrated with M/2 HCI. The 


colour of phenolphthalein disappears when 20 mL of the 
acid has been added. Methyl orange is then added and 80 


(4) None of these 


Ah 
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mL more of the acid is required to give a red colour to the 
solution. The percentage of Na,CO, is 


(2) 12.5 (3) 75 (4) 50 


(1) 25 


multiple Correct Answers Type iil 


1, What volume of 0.1 M KMnO, in acidic medium is required 
' for complete oxidation of 100 mL of 0.1 M FeC,O, and 100 
mL of 0.1 M ferric oxalate separately. 


(1) 60 mL of KMnO, with FeC,O, 

(2) 40 mL of KMnO, with FeC,O, 

(3) 40 mL of KMnO, with ferric oxalate 
(4) 120 mL of KMnO, with ferric oxalate 


2. Which of the following statements about the following 
reaction is/are not correct? 


Cr,0,2 + 3H,O, + 8H? —> 2Cr** + 7H,0 + 30, 
(1) H,O, is oxidised to O;. 
(2) H,O, is reduced to H,O. 
(3) The oxidation number of chromium atom changes 
by 3. 
(4) Hydrogen ions are oxidised to H,O. 
3. 0.1 mol of MnO,° (in acidic medium) can: 
(1) Oxidise 0.5 mol of Fe** 
(2) Oxidise 0.166 mol of FeC,O, 
(3) Oxidise 0.25 mol of C,0,7- 
(4) Oxidise 0.6 mol of Cr,O?- 
4. H,C,O, and NaHC,O, behave as acids as well as reducing 
agents. Which of the following are correct statements? 


(1) Equivalent weights of H,C,0, and NaHC,O, are equal 
to their molecular weights when acting as reducing 
agents. 

(2) Equivalent weights of H,C,O, and NaHC,O, are equal 
to half their molecular weights when acting as reducing 
agents. 

(3) 100 mL of 1 M solution of each is neutralised by equal 
volumes of 1 NCa (OH), 

(4) 100 mL of 1 M solution of each is oxidised by equal 
volumes of 1 M KMnO,. 

5. A compound contains atoms of three elements A, B, and C. 
If the oxidation number of A is +2, B is +5, and C is 2, the 
possible formula of the compound is: 

(1) A(BC,), (2) A,(BC,), 

(3) A,(B,C), (4) ABC, 

6. Choose the correct statement: 

(D 1 mol of MnO,° ion can oxidise 5 mol of Fe** ion in 
acidic medium. 


(2) 1 mol of Cr,0,?- ion can oxidise 6 mol of Fe?* ion in 
acidic medium. 


10. 


11. 


12. 


(3) 1 mol of Cu,S can be oxidised by 1.6 mole of MnO,° 
ion in acidic medium. 

(4) 1 mol of CuS can be oxidised by 1 mol of Cr,O,*" ion 

in acidic medium. 


. For the following balanced redox reaction: 


2MnO,° + 8H? + Br, —— 2Mn?* + 2BrO,° + 2H,0 

if the molecular weight of MnO,:Br, and Br, be M,, M, 
respectively, then 

(1) Equivalent weight of MnO,” is M,/5 

(2) Equivalent weight of Br, is M,/10 

(3) The n-factor ratio of MnO,° : Br, is 1: | 

(4) None of these 


. Which of the following statements is/are correct about 6.8% 


strength of H,O,? 

(1) Its normality is 4 N. 

(2) Its molarity is 2 M. 

(3) Its volume strength is 22.4 V. 
(4) Volume strength = 11.2 x M. 


. Which of the following statements is/are correct in the 


following reaction. 
As, S; + NO,9 —9 AsO,” + NO, + s0, 
(1) The equivalent weight of As,S; is M/40. 
(M= molecular weight of As,S,). 
(2) The equivalent weight of NO,° is M/3. 
(M= molecular weight of NO,° ion) 
(3) n-factor for the conversion of As,S, to AsO Pa iS Zero. 
(4) n-factor for the conversion of As,S, to SO,* is 30. 


x g of H,O, requires 100 mL of M/5 KMnO, in a titration 
in a solution having pOH = 1.0 


Which of following is/are correct? 

(1) The value of x is 1.7 g. 

(2) The value of x is 0.34 g. 

(3) MnO,° changes to MnO,- 

(4) H,O, changes to O,. 

A mixture of n, moles of Na,C,O, and NaHC,O, is titrated 
separately with H,O, and KOH, to reach at equivalence 
point. 

Which of the following statements is/are correct? 

(1) Moles of H,O, and KOH are n, + n, and n,. 


(2) Moles of H,O, and KOH is: n, + - and n,. 


(3) n-factors of NaHC,O, with KOH and H.O,, respectively, 
are | and 2. 


(4) n-factors of Na,C,O, with H,O, and KOH, respectively, 
are 2 and 1. 


Which of the following is/are correct about the redox 
reaction? 


3.48 Physical Chemistry 


MnO,° + $,04- + HÊ —> Mn? + S4067 

(1) 1 mol of $04 is oxidised by 8 mol. of MnO, 

(2) The above redox reaction with the change of pH from 
4 to 10 will have an effect on the stoichiometry of the 
reaction. 

(3) Change of pH form 4 to 7 will change the nature of the 
product. 

(4) At pH = 7, S047 ions are oxidised to HSO,” 

13. 20 mL of H,O, is reacted completely with acidified K,Cr,O; 
solution. 40 mL of K,Cr,0, solution was required to oxidise 
the H,O, completely. Also, 2.0 mL of the same K,Cr,O, 
solution required 5.0 mL of a 1.0 M H4C,0, solution to 
reach equivalence point. 

Which of the following statements is/are correct? 

(1) The H,O, solution is 5 M. 

(2) The volume strength of H,O, is 56 V. 

(3) The volume strength of H,O, is 112 V. 

(4) If 40 mL of 5 M/8 H,O, is further added to the 10 mL of 


above H,O, solution the volume strength of the resulting 
solution is changed to 16.8 V. 


14. Three different solutions of oxidising agents. K,Cr,O,, I,, 
and KMnO, is titrated separately with 0.19 g of K,S,0,. The 
molarity of each oxidising agent is 0.1 M and the reactions 
are: 

i. Coo + S40. —-—J p + 350, 
i ASO —— Fts O 
iii. MnO; + s0 — MnO, + SO, 
(Molecular weight of K,S,0; = 190, K,Cr,O, = 294, 
KMnO, = 158, and I, = 254 g mol!) 
Which of the following statements is/are correct? 
(1) All three oxidising agents can act as self-indicators. 
(2) Volume of I, used is minimum. 
(3) Volume of K,Cr,0, used is maximum. 
(4) Weight of KMnO, used in the titration is maximum. 
15. The hardness of water due to HCO,” is 122 ppm. Select the 
correct statement(s). 
(1) The hardness of water in terms of CaCO, is 200 ppm. 
(2) The hardness of water in terms of CaCO, is 100 ppm. 
(3) The hardness of water in terms of CaCl, is 222 ppm. 
(4) The hardness of water in terms of MgCl, is 95 ppm. 


| Linked Comprehension Type I 


Paragraph 1 
KMnO, reacts with Na,S,O, is acidic, strongly basic, and aqueous 
(neutral) media. 100 mL of KMnO, reacts with 100 mL of 0.1 M 
Na5S,0, in acidic, basic, and neutral media. 
1. The molarity (M) of KMnO, solution in the acidic medium is 
(1)0.2M (2)0.00M (3) 0.4 M (4) 0.04 M 


2. The molarity (M) of KMnO, solution in basic medium is: 


(08M | Q)008M (3) 0.200M . (4)0.026M 
3. The molarity (M) of KMnO, in aqueous medium is: 
(1)0.8M: | (20.08M (3)0.26M = (4)0.026 M 


4. The molality (m) of KMnO, in the acidic medium jg. 
(Density of KMnO, solution = 1.58 g mL"! Mw(KMn0,) 
= 158g mol !) 

(1) 0.025 (2) 0.25 
Paragraph 2 
20 mL of M/60 KBrO, was reacted with a sample of SeO,7- 
The Br, thus evolved was removed and the excess of KBrO, was 
titrated with 5 mL of M/60 solution of NaAsO,. The reactions 
involved are 
SeO,? + BrO,°+ H® —> SeO,” + Br, + H,O ali) 
BrO? + ASO,° + HO —9 Br^ + AsO - + H® (ii) 
[Mw(SeO4? ) = 79 + 48 = 127 g mol] 
5. n-factors of BrO ion in equations (i) and (ii), respectively, 


(3) 0.12 (4) 0.012 


are 
(1) 10, 6 (2) 5,6 (3) 6, 10 (4) 6, 5 
6. Excess mEq of BrO,° in reaction (ii) is 
l 11 l IH 
De 2) — (3) — 4) — 
6 2) 6 3) 36 e 36 
7. mEq of SeO,” is 
55 55 11 11 
1) — 2) — 3) — 4) — 
DET (2) 26 (3) 56 (4$) € 
8. Amount of SeOZ- in mg is 
(1)19.4 mg (2) 194 mg (3)970 mg (4)97 mg 


9. Which of the following is true (T) or false (F y? 

(1) Excess of mEq of BrO,? = mEq of AsO, in reaction (i). 

(2) mEq of SeO,?- = Total mEq of BrO; 

(3) mmol of SeO;^ = Total m mol of BIO," = mmol of 
BrO? (excess) in reaction (ii) 

(4) mEq of SeO,”- = Total mEq of BrO,~ - mEq of BrO, 
(excess) used in reaction (11) 

Paragraph 3 


If 20 mL M/10 Ba (MnO,), completely reacts with FeC,0, in 
acidic medium, i 


10. mEq of FeC,O, reacted is 
(1) 6 


(2) 20 (3) 40 (4) None 
11. Millimoles of FeC,O, reacted is 
20 20 2 
OF o2 @o2 we 
12 i j . P 
. What is the volume of CO, produced at STP. 
(I) !112mL (2)224mL (3)448mL (4) None 


Paragraph 4 
a titration of L with a reducing agent is called iodimetry. ifl; 
is liberated by the oxidation of I? ion by a strong oxidising agen! 


in neutral or acidic i i i j 
medium, the liberated L is then titrated with 4 | 


>» 


ent. lodometry is used to estimate the strength of the 

ing agen" GM Wo 2 

educi en For example, in the estimation of Cu^' with SO; . 
„dising 48-7 

oxid 


]p— Cul, + I, (iodometry) 
nit + IS ae 


cu 

l; + 5,0; . . i TS enim ` 
i .« used as an indicator at the end point, which forms blue 

starch : ables with I;". Disappearance of blue colour indicates 

oe point when free I, is not present. 
T. 

- 3, In the reaction 


CuSO, + 4KI — Cu,l, + 2K,80, + l, 


" ned) SO. + |? (iodimetry) 


The equivalent weight of CuSO, is 


(Mw = 159.5 g mol!) 


(D Mw (2) = (3) i (4) IU 

14. 638.0 g of CuSO, solution is titrated with excess of 
0.2 M KI solution. The liberated I, required 400 mL of 
1.0 M Na.S.,O, for complete reaction. The percentage purity 
ot CuSO, in the sample is 


(1) 5% (2) 10% (3) 15% (4) 20% 
15. The volume of KI solution used for CuSO, is: 
(1L (2)2L ()4L (4)5L 
Paragraph 5 


In the study of titration of NaOH and Na,CO,, NaOH and 


NaHCO.. Na,CO, and NaHCO,, phenolphthalein and methyl 
orange are used as indicators. 


(a) When phenolphthalein is used as an indicator for the above 
mixture: 


i. It indicates complete neutralisation of NaOH or KOH 
iL It indicates half neutralisation of Na,CO, because 
NaHCO, is formed at the end point 


(b) When methyl orange is used as an indicator for the above 
mixture 


L It indicates complete neutralisation of NaOH or 
KOH 


ii. It indicates half neutralisation of Na,CO, because NaC] 
1s formed at the end point 


16. A10 g mixture of NaHCO, and KOH is dissolved in water to 
make 1000 mL solution. 100 mL of this solution required 50 


mL of 0.2 M HCI for complete neutralisation in the presence 
of phenolphthalein as indicator, What is 
NaHCO, in the mixture? 


(1) 50% (2) 56% 


the percentage of 


(3) 44% (4) 60% 
17. 1 L solution of Na, 
100 mL of this sol 


CO, and NaOH was made in H.O. 
in the presence 


ution required 20 mL of 0.4 M HCI 
100 mL ern of phenolphthalein. However, another 
Tubus € of the same solution required 25 mL of the 
MA 1n the presence of methyl orange as indicator. What 
molar ratio of Na,CO, and NaOH in the original mixture 
(35 (2) 3:1 (3) 1:3 (4) 1:1 


18. In Q. (24 . 
- (24), what i - 
b. at 1s the strength of NaOH In the original 


(1) 4 gL- (2)24gL- (3)48gL-! (4)6gL-! 


Stoichiometry 3.49 


——— 


E 'O, i iginal 
19. In Q. 24, what is the strength of Na,CO, 1n the orig 
solution? | 
(1) 2.12 g L! 2) 1.06 g L7 (3)3.18 gL ! (4) 4.24 gL 
Paragraph 6 n 
j i S LO 
H,O, is reduced rapidly by Sn?' to give H,O and Sn Ne Qi 
is decomposed slowly at room temperature to yield O, and Fi; ' 
. A . " . 0 
136 g of 10% by mass of H,O, in water 1s treated with | 


mL of 3 M Sn?! and then the mixture is allowed to stand untill no 
further reaction occurs. The reaction involved are: 


2H® + H,O, + Sn? —> Sn” + 2H,0O 
2H,O, —> 2H,0 + O, 
20. The Eq of H,O, reacted with Sn^' is 
(1) 0.2 (2) 0.3 (3) 0.4 (4) 0.6 
21. The Eq of H,O, left after reacting with Sn‘? is: 
(1) 0.1 (2)0.2 (3) 0.3 (4) 0.4 
22. The volume strength of H5O, left after reacting with Sn^* 
is 
(01.12V  (2112V  (3224V (4) 22.4 V 
23. Calculate the volume of O, produced at 27°C and 1.0 atm 
after H,O,, is reacted with Sn?* and the mixture is allowed 
to stand. 
(1)0246L  (2)492L  Á(3)123L (4) 7.38 L 
Paragraph 7 
Three solutions, each of 100 mL, containing 0.4 M As,S,,5 M 


NaOH and 6 M H,O., respectively, were mixed to form AsO ie 
and SO "as products. 


24. Which of the following options is correct about the 
coefficients of reactants and products in a balanced equation? 


is correct about the 
e end of the reaction? 
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26. When the above solution is allowed to stand for some time, 
what volume of O, will be obtained at STP? 
(1) 0.112L (2)0.224L (3)0.448L (4) 0.336 L 
27. Percentage strength of the H,O, solution left after reaction 
is 
(1) 0.017% (2) 0.113% (3) 0.51% (H 0.68% 
Paragraph 8 
100 mL solution of ferric alum [Fe,(SO a (NH ah SO; 24H,0 
(Mw = 964 g mol!) containing 2.41 g of salt was boiled with Fe 
when the reaction 
Fe + Fe(SO, — 3FeSO, 
takes place. The unreacted iron was filtered off and the solutions 
was titrated with M/60 K,Cr,O, in acidic medium. 
28. Moles of FeSO, formed when Fe reacts with Fe,(SO,), is 
(1) 0.0075 (2) 0.005 (3) 0.001 (4) 0.002 
29. Moles of FeSO, formed when Cu reacts with Fe,(SO,), is 
(1) 0.0075 (2) 0.005 (3) 0.001 (4) 0.002 
30. What is the titre value of K,Cr,O, when Fe reacts with 
Fe,(SO,)3? 
(D25mL (2)50mL (3)75ml (4) 100 mL 
31. What is the titre value of K,Cr,O, when Cu reacts with 
Fe4(SO4,? 
(1) 25mL (2)50mL  (3)75mL (4) 100 mL 
Paragraph 9 
10 mL solution of H,SO, and H,C,O, (oxalic acid), on titration 
with 0.1 M KOH, required 20 mL of the base. 10 mL of the 
same solution on titration with M/300 K,Cr,O, required 
50 mL of K4Cr,O;. 
32. Strength of oxalic acid in the solution is: 
(1) 4.5 gL” (2)49gL" (3)225g L- (4) 2.45 g L`! 
33. The strength of H,SO, is the solution is 
(1) 45gL! 2)49gL'! (3)225g L7 (4245 gL 
34. What should be the volume strength of HO, if H,O, reacts 
with the same volume of M/300 K,Cr,O, solution. 
(1) 56V (2056V  (3112V  (4)1.12V 


Matrix Match Type Ill 


This section contains questions each with two columns—1 and II. 
Match the items given in column I with that in column Il. 


1. [7 [Column] 


Redox reaction 


Column If 
Value of x 


| mol of MnO, ' can p. 6 
oxidise x mol of Fe^' 
ions in acidic medium. 


] mol of CuS can be q. 5 
oxidised by x mol of 
Cr,0,”- ion in acidic 
medium. 


| mol of Cu,S can be 
oxidised by x mol of 
MnO,” ion in acidic 
medium. 


| mol of CrjO7? ion 
oxidise x mol of Fe^* 
ion in acidic medium. 


2. Given two mixtures: (A) NaOH and Na, CO, (B) and 


NaHCO, and Na,CO,. 


100 mL of mixture (A) required a and b mL of 1M HCl in 
separate titration using phenolphthalein and methyl orange 
indicators while 100 mL of mixture (B) required x and 
y mL of same HCI solution is separate titration using the 


same indicators. 


NaHCO, in mixture (B) 


Se 


olumn I 
S.No. Reaction 


| | 
For the balanced redox Ip. Ew(Br,) = 
reaction: | j : 


2MnO,? + 8H®+ Br, 
2Mn*? + 2BrO; 
+ 2H,O 
Br, + OH 2 Br^ + BrO? 
c. H;C,O, and NaHC,O, 
ehaves as acid 


d. IL,C4O, and NaHC,O, 


> 


Column I 
S.No. Reaction 


à. |5 mol of an equimolar — — 


mixture of ferric oxalate 

and ferrous oxalate will 

require x mol of 

KMnO, in acidic medium 
| for complete oxidation. 


nk ET ERN NER EE iR 


iq. Ew(Br,) = — 


Column Il 
Characteristics 
3M 


S 


M 
10 


r. Equivalent 


weights of 
H,C,O, and 
INaHC,O, are 
equal to half 


their molecular 
Weights. 


$f} 
M | 
S. 


Ew(H,C,0,) = > | 
as reducing | 


agents | 


Ew(NaHC,0,) = M 


| Column II 


b. | 5 mol of an equimolar mix- 7.0 
ture of ferric oxalate and 
ferrus oxalate will require 
x mol of K,Cr,O, in acidic 
medium for complete 
oxidation. 


ce. | 5 mol of an equimolar 45 
mixture of CuS and Cu,S 
will require x mol of 
KMnO, in acidic medium 
for complete oxidation. 


12 mol of an equimolar 
mixture of CuS and Cu,S 
will require x mol of 7 
K.Cr,O. in acidic medium 
for complete oxidation. 
e. | 4 mol of an equimolar 

mixture of KMnO, and 

K,Cr,O, will require x mol 

of H,O, in acidic medium 

| for complete reduction. 


Numerical Value Type Ill 


1. 


9 


n-factors for the following reaction is 
FeS, —2 Fe,O, + SO, 
(1)8 (2)9 (3) 10 (4) 11 


. In the following reaction 


As,S, +NO,° + H,O —> AsO,? + SO + NO + H® 
The number of electrons involved in the oxidation reaction is 
(1) 22 (2) 24 (3) 26 (4) 28 


. In Q. 2 the number of electrons involved in 


the reduction reaction 1s 


(1)4 (2)3 (3)2 (4) 1 


. n-factors of ferrous oxalate and ferric oxalate when they 


react with K,Cr,0, is acidic medium are 


(1) 2,6 (2) 6,2 (3) 3,6 (4) 6,3 


- n-factors for Cu,S and CuS when they react with KMnO, 


in acidic medium are 


(1) 7,7 (2) 6,6 (3) 6, 8 (4) 8, 6 


- How many moles of H,SO, are required to produce | mol 


of H,S when KI reacts with H,SO, producing 1, and H,S? 
(1) 5 (2) 4 (3) 3 (4) 2 


- The molarity of H,O, of the 11.2 V (volume strength) is 


(1)2M (2)1M (3)3M (4)4M 

1 mol of IOF ions is heated with excess of l' ions in the 
presence of acidic conditions as per the following equation 
10,6 + [© — L 


11. 


12. 


13. 


14. 


15. 


16. 


Stoichiometry 3.51 


How many moles of acidified hypo solution will be required 


to react completely with I, thus produced? 


(1) 1 (2) 3 (3) 5 (4) 6 


. A bottle of HO, is labelled as 10 vol H,O,. 112 mL of this 


solution of HO, is titrated against 0.04 M acidified solution 
of KMnO,. The volume of KMnO, in litre is 


(DIL (2)2 L (3L (4)4L 


. IL M/IO Ba (MnO,), in acidic medium can be oxidised 


completely with 1/6 L of x M ferric oxalate. The value of x 
is 

(ID) 1 M (2)2M (3)3M (4)4M 

The oxidation state of oxygen of H,O, in the final products 
when it reacts with ClO,” is 

(1)0 (2) 1 (3) -1 (4) 2 

The oxidation state of oxygen of H,O, in the final products 
when it reacts with As,O, is 

(1)0 (2)1 (3) -1 (4) -2 
Washing soda (Na,CO,-10H,O) is widely used in softening 
of hard water. If 1 L of hard water requires 0.0286 g of 
washing soda, the hardness of CaCO, in ppm is 
(1)10ppm (25ppm  (38ppm  (4)6ppm 
Dissolved O, in water is determined by using a redox 
reaction P 

2Mn?* (aq) + 40H (aq) + O, (g) > 2MnO, (s) + 2E50() 
How many equivalents of O, will be required to react with 
] mol of Mn?*? 


(1) 1 (2)2 (3) 3 (4) 4 
The normality of 2 M H,BO, is 
(1) 6 (2) 4 (3) 2 (4) | 


An acid solution of 0.2 mol of KReO, was reduced with 
Zn and then titrated with 1.6 Eq of acidic KMnO, solution. 
For the reoxidation of all the rhenium (Re) to the perrhenate 
ion (ReO,°). Assuming that rhenium was the only element 
reduced, what is the oxidate state to which rhenium was 
reduced by Zn? 


(1) 1 (2) 2 3)-1 (4) -2 


. A200 mL solution of L, is divided into two unequal parts. Part 


I reacts with hypo solution in acidic medium and requires 8 
mL of 2 M hypo solution for complete neutralisation. 

Part Il was added with 300 mL of 0.1 M NaOH solution. 
Residual base required 30 mL of 0.1 M H,SO, solution for 
complete neutralisation. Calculate the value of 20 times the 
initial concentration of L,? 
(1)! (2)2 


(3) 3 (4) 4. 
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NH | 
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contains a salt of an oxoacid is one of its 


JEE ADVANCED 
Single Correct Answer Type 
1. Consider the following reaction: 


xMn0,° + yC,0,7 + zH9 — xMn** + 2yCO, + 5 HO 


z in the reaction are, respectively: 
(2) 2, 5 and 16 
(4) 5, 2 and 16 
(JEE Advanced 2013) 


The values of x, v and 
(1) 2, 5 and 8 
(3) 5, 2 and 8 


Multiple Correct Answers Type 
1. Reduction ofthe metal centre in aqueous permanganate ion 
involves 
(1) 3 electrons in neutral medium 
(2) 5 electrons in neutral medium 
(3) 3 electrons in alkaline medium 


(4) 5 electrons in acidic medium 
(IIT-JEE 2011) 


Linked Comprehension Type 
Bleaching powder and bleach solution are produced on a large 
scale and used in several house hold products. The effectiveness 
of bleach solution is often measured by iodometry. 

1. 25 mL of household bleach solution was mixed with 30 mL 
of 0.50 M K1 and 10 mL of 4N acetic acid. In the titration 
of the liberated iodine, 48 mL of 0.25 N Na, SO, was used 
to reach the end point. The molarity ofthe household bleach 
solution is 
(1) 0.48 M 


(3) 0.24 M 


(2) 0.96 M 
(4) 0.024 M 


2. Bleaching powder 
components. The anhydride of th 


(1) CO (2) CLO; 
(3) CIO, (4) CO, 


at oxoacid is 


(IIT-JEE 2012) 


Numerical Value Type 
1. The volume (in mL) of 0.1 M AgNO, for complete 


precipitation of chloride ions present in 30 mL of 0.01 M 
solution of [Cr(H50),CI]C. as silver chlorides is close 
lO ciere i 

(IIT-JEE 2011) 
h Na,CO, in aqueous solution gives 
sodium bromate with evolution of CO, 
mide molecules involved in 


2. Reaction of Br, wit 
sodium bromide and 
gas. The number of sodium bro 


the balanced chemical equation 1S e 
(IIT-JEE 2011) 


y alkaline solution, 8 moles of 
quantitatively oxidize thiosulphate 
containing product. 


3. In. neutral or faintl 
permanganate anion 
anions to produce X moles of a sulphur 


The magnitude of X is 
(JEE Advanced 2016) 


4. The ammonia prepared by treating ammonium sulphate 
with calcium hyroxide is completely used by NiCL.6H,0 
to form a stable coordination compound. Assume that both 
the reactions are 100°C complete. If 1584 g of ammonium 
sulphate and 952g of NiCL6H,O are used in the 
preparation, the combined weight (in grams) of gypsum 
and the nickel-ammonia coordination compound thus 
produced is 
(Atomic weights in g mol!: H = 1, N= 14, O = 16, S =32, 
Cl = 35.5, Ca = 40, Ni = 59) | 

(JEE Advanced 2018) 
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EXERCISES 


Single Correct Answer Type 
1. (1) 2. (4) 3. (1) 4. (1) 5. (4) 


6 3) 7.0) 8 (4 9 (1) 10.Q) 
u. B) 12.0) 15.0) 1.0) 15.2 
16. (1) 17.(2) 18 (9 19) 20. (2) 
3. Q) 22( 2») 2&4) 250) 
26. (1) 27.0) — 28. (0) — 29.0) — 306.0) 
31. B) 32) 33. (4) 340) 35. (4) 
36. (4) 37. (1) 38 (4)  39.()  40() 
a. (1) 42.2) 8B) 44 (1) 45. (2) 


46. 2) 47. (2) 48. (3) 49. (2) 50. (1) 
51. (4) 52. (4) §3.(4)  54.(4) 55. (1) 
56. (3) 57. (1) S8. (1) 59. (2) | 60. (2) 
61. (4) 62. (2) 63. (4) 
Multiple Correct Answers Type 
1. (1,4) 2. (2, 4) 3. (1,2,3) 
4. (2,4) 5. (1,2 6. (1, 2, 3, 4) 
ty (1,2) 8. (1, 2, 3, 4) 9. (I " 3) 
10. (2,3,4) 11. (1,3) 12. o, 3,4) 
13. (1,2,4) 14. (1,2,4) 15. Q. 4 


»" 


Linked Comprehension Type 


L@ 20) 3. (3) 

eq 70 8. (4) 

9. (DT,(.OO RE G) T, (4) F 
12. (2) 13. (1) 14, (2) 
17. (3) 18. (2) 19. (1) 
22. (2 23. (1) 24. (2) 
27. (2) 28. (1) 29. (2) 
32, (D 33. (2 34. (2 
Matrix Match Type 


5. (2) 


11. (1) 
16. (3) 
21. (2) 
26. (3) 
31. (2) 


Numerical Value Type 
1. (4) 2. (4) 3. (2) 
6. (1) 7. (4) 8. (4) 
11. (1) 12. (4) 13. (1) 
16. (3) 17. (2) 


ARCHIVES 

JEE Advanced 

Single Correct Answer Type 
1. (2) 

Multiple Correct Answers Type 
1. (1,3, 4) 

Linked Comprehension Type 
1. (3) 2; 0) 


Numerical Value Type 
1. (6) 2. (5) 3. (6) 
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4.0) 5. (4) 
9, (1) 10. (1) 
14. 2) 15. (3) 


4. (2992) 


\ 


N 


OE 


Atomic Structure 


—= 


OVERVIEW | 


i, Atom: John Dalton in 1880 proposed that matter is 
composed of very minute and indivisible particles, called 


atoms. 
» a. Electron was discovered in cathode ray experiment. 


mn 


mu 


Cathode rays (discovered by William Crookes) are 
produced in the discharge tube at very low pressure 
(0.01 mm Hg) and at 10,000 V potential. 

Thev can be deflected in electric and magnetic field 
which shows that they are negatively charged. Particle 
nature of cathode rays was proved by (1) their ability to 
cause mechanical motion, (11) photo-electric effect, and 
(iii) compton effect. 

Cathode rays consist of negatively charged particles 
with negligible mass. 


. The charge on an electron (—1.602 x 1071? coulomb or 


—4.8 x 107!? esu) was determined by Mullikan in his 
oil drop experiment. 

Actual mass of an electron (9.11 x 10?! kg) was 
calculated by J.J. Thomson. 

The specific charge (e/m) ratio of electrons (cathode rays) 
was determined by Thomson as 1.76 x 10* coulomb/g. 
The specific charge of electron decreases with increase 
in its velocity because increase in velocity increases the 
mass of electron. The e/m ratio of electron was found to be 
independent of the nature of gas an electrode used. Thus, 
electrons are present in all atoms or these are fundamental 
constituents of all kinds of matter. 

Radius of the electron is found to be 42.8 x 107!5 m. 
Density of electron is found to be 2.17 x 107!” g/cm?. 
Mass of one mole of electron is nearly 0.55 mg. 
Charge on one mole of electron is = 96500 coulomb or 
] Faraday. 


3. The proton: 


A. 


b. 


Proton was discovered in the anode ray experiment. 
Anode rays, also called as canal rays or positive rays, 
were discovered by E. Goldstein. 

Anode rays contain material particles obtained by the 
removal of one or more electrons from the gaseous 
atoms/molecules present in the tube. 

The positively charged particles present in the 
anode rays produced when hydrogen gas is present in 
the discharge tube were called protons (proton = first 
particle) by Rutherford. The specific charge on the anode 


a © 


ga 


mo & 


3. 


Name 
Electron (e)| 9.1 x 10 ?! kg 


Proton (p) 


Neutron (n) 1.675 x 10 7! kg 


rays was found to be maximum when gas present in the 
discharge tube was hydrogen. 

Charge on a proton is + 1.602 x 107'? coulomb. 

Mass of a proton is found to be 1.673 x 10” g or 
1.673 x 1077? kg. 

Mass of 1 mole of proton is nearly 1.007 g. 

The specific charge of a proton is 9.58 x 10* coulomb/g. 
However, the specific charge of the anode rays is not 
constant. It varies from particle to particle in a discharge 
tube (containing any gas other than H,) depending upon 
the number of electrons lost. Specific charge on anode 
ray particles also changes with the nature of the gas 
in the tube. It is because different gases have different 
atomic masses. It is maximum when gas present in the 
discharge tube is hydrogen. 

The volume of a proton is nearly 1.5 x 1023 cmi. 
Charge on 1 mole of proton is = 96500 coulomb or | 
Faraday. 


. The neutron: 


Neutron was discovered by James Chadwick in 1932. 
Neutron is slightly heavier (0.18%) than proton. Mass 
of neutron is 1.008665 amu or 1.675 x 10? g. 
Specific charge of a neutron is zero. 

Density of a neutron is 1.5 x 104 g/cmè. 

Mass of | mole of neutron is nearly 1.0087 g. 


Of all the elementary particles present in an atom, 
neutron is the heaviest and least stable particle. Isolated 
neutron is unstable and disintegrates into electron, 
proton and neutrino. 


Mass Charge 


1.602 x 1079 C 1.76 x 105 C/g 


eim 


or or 

5.5 x 104 amu -4.8 x 10 1? esu. 

1.673 x 1077 kg! 1.602 x 10° RIEN TUR Cig 
or | or | | 


1007 amu (+48 x IO !! esu 


neutral zero 
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i c the rest mass. | 
The mass of electron given above 1S the re 

A ` tom. 
1/1837 times the mass of a hydrogen : sity v is given as: 
The atom of electron moving with a velocity 


m 


rest 


m = 


; i city of 
It is clear that the mas of electron moving with velocity 
light is infinite. 


6. Some data about the nucleus: . 

a. The size of nucleus is measured in Fermi (1 Fermi 
- 10 cm). The radius of nucleus is of the order of 
1.5 x 107? em to 6.5 x 107? cm, i.e., 1.5 to 6.5 Fermi. 
In general, the radius of the nucleus (r,) is given by the 
following relation. 

r=ryx A | 
where A is the mass number and ry is a proportionality 
constant whose value is 1.4 x 107? cm. 

b. The volume of the nucleus is about 10-3? cm? and that 
of atom is 107 cm?, i.e., volume of the nucleus is 107? 
times that of an atom. 

c. The density of the nucleus is of the order of 
10! g cm? or 108 tonnes cm^?. If nucleus is assumed to 
be spherical, its density may be determined as follows. 


.... Mass of the nucleus Mass number 
Density == ——_—_ a a 


Volume of the nucleus 6.022 x 1023 x a 


Here r is the radius of the nucleus. 


d. Nucleus contains neutrons and protons, and hence these 
particles collectively are also referred to as nucleons. 
7. Some other sub-atomic particles: 


In addition to the above fundamental particles, some 
uncommon sub-atomic particles have also been postulated. 


a. Positrons: These are the positive counterpart of the 
electrons. These were discovered by Anderson in 1932. 
These are highly unstable and combine With electrons 
producing y-rays (energy radiations). 


b. Neutrinos and antineutrinos: These are the particles of 
small mass (= 0) and zero charge. These were postulated 
by Fermi in 1934. 

c. 


Pi-mesons (pions) and -mesons (muones): These 
are the particles having a mass intermediate between 
that of the electron and the proton. The positively 
and negatively charged mesons were postulated by 
Yukawa in 1935. Neutral mesons (n) were postulated 
by Kemmer to account for the binding forces between 
the nucleons. 


8. Rutherford's atomic model: 


The credit for giving first successful model about the 
arrangement of electrons, protons and neutrons goes to 
Rutherford. His model was based upon the result of alpha- 
ray scattering experiments. He postulated that atom consists 
of two parts (a) nucleus and (b) extra nuclear part. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


. Atomic number (Z)= Nu 


igid dense central core which carries, 
a ri 


The nucleus 15 
positive charge an 
nuclear part 1$ an 
electrons are ii : 
atom. o 
» volume of an s 
the vo is spherical and most of the space In its is empty 
a. Atom! 


n extra nuclear part revolve with à ve 

b. The uin centrifugal force for their Circula, 

high qe d by positively charged nucleus, The 

n s raction between nucleus and electron į, 

this force. 
"^ pri died fails to explain the stability of atom, 
and line spectrum of hydrogen. 
mber of electrons 
= Number of protons 
Mass number (A) = Atomic number + Number of neutron, 
— Number of protons + Number of neutrons 

Isomorphous: The two different types of compounds Which 
contain same crystalline structures are called isomorphous 
and this property is called isomorphism. | 
Isotopes: Atoms of same element having different mas; 
numbers e.g. (, H', ‘De Yu | 
Isobars: Atoms of different elements having same mas; 
numbers, e.g., ,C"^, jN 


d the entire mass of the atom and the eyy, 
empty Space around the nucleus Where 
Iving in circular orbits. It Contributes to 


Isotones: Atoms of different elements having same number 
of neutrons, eg., H? and ,He’. 

Isoelectronic: Atoms of different element having same 
number of electrons, e.g., N?-, O”, F? etc. 

Isodiaphers: The element which have the same value of 
(n — p) and nuclides and their decay products after 
&-emission are called isodiaphers. 

Isosters: Molecules having same number of atoms and same 
number of electrons, e.g., CO,, N,O. 
Electromagnetic radiations: According to the 
electromagnetic wave theory, the energy is emitted 
from any source continuously and consists of electric and 
magnetic fields oscillating perpendicular to each other and 
to the direction of propagation. 


Electromagnetic radiation is a form of energy transported 
in the forms of waves. 

These are radiations which are associated with both 
electric and magnetic fields, Al] forms of electromagnetic 
radiations travel in space in the form of waves with the 
velocity of light. 
A wave is a sort of disturbance which or 
some vibrating source and travels outward a 
sequence of alternating crests an 
five characteristics, viz. 


iginates from 
S a continuous 
d troughs. Every wave has 


, wavelength, frequency, velocity, 
wave number and amplitude. 


a. Wavelength (A): The distance between two neighbouring 
troughs or crests is known as wavelength. It is denoted by 
Aand is expressed in cm, nanometres (nm) or (Angstrom) 
(A) units. 1 Å = 1 x 107! nm = 1073 em = 1079 m. It 
determines the colour of a beam of visible light. 


y seven colours of white light have the follo 
ow 
Colours 
Wavelength in (A) 


p. Frequency (V): The number of times a wav 
through a given point in one pasan M a Passes 
frequency of the wave. lt is denoted by " =. a 
expressed in cycles per second (cps) or > r^ y 
| Hz T | eps. The frequency of a wave is s : a) 
proportional to its wavelength, i.e., versely 


Vo — 


c. Velocity (c): The distance travelled by the wave in 
one second is called its velocity. It is denoted by c 
Mathematically, y €, 


c=vA or 


yv = — 


À 


All types of electromagnetic radiations travel through 
space with the same velocity i.e., 3 x 10!9 cm s^! 
3 x 108 ms“! or 186,000 miles s^!. However, different 
types of radiations have different wavelengths and, 


therefore, different frequencies. 


d. Wave number (V): It is defined as. the number of 


wavelengths per cm (or per metre) and is equal to the 
inverse of wavelength expressed in centimetres. It 
is denoted by v and is generally expressed in em! 


(or m^). 


Now since v= 


e. Amplitude (a): // is the height of the crest or depth of 
trough of a wave and is denoted by a. It determines the 
intensity or brightness of the beam of light. 


19. Spectrum: 


When sunlight is passed t 
different colours. This process is ca 
rn of bands obtained is called spectrum. 
spersion of ordinary light 
s seven bands of colours 


hrough a prism it splits into seven 
led dispersion and the 


patte 

a. The spectrum obtained by di 
is continuous spectra and ha 
(VIBGYOR) merging into one another. 

b. Theemission spectrum is obtained by passing radiations, 
emitted by the excited atoms, through the prism. It 
consists of bright lines against a dark background. It is 
characteristic of electronic environment of atoms and 
hence is known as finger prints of atoms. 

c. An absorption spectrum is obtained by analysing 
solar light emerging out of solution of a substance. It 
comprises dark lines /bands in an otherwise continuous 
spectrum. 

d. Electromagnetic spectrum is the pattern of arrangement 
of different types of electromagnetic radiations in 
the order of increasing wavelength (or decreasing 
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ing wave s 
& wavelengths (A) associated with them. 


500-5000 | 5000-5600 | 5600-5950 | 5950-6200 


20. 
21. 
22. 


23. 


24. 


25. 


26. 


27. 


6200-6700 © 


frequency). The arrangement of various radiations in 
the increasing order of their wavelength or decreasing 
order of their frequencies is: 

cosmic rays « y-rays « X-rays, « ultraviolet rays « visible 
light < infrared radiations < microwaves < radiowaves. 


The radius of the nucleus is approximately 10-5 times the 
radius of the atoms. Volume of the nucleus of an atom is 


about 10-!5 times the volume of the atom. 


Elements give line spectra. The line spectrum is characteristic 


of the excited atom producing it. No two elements have 
identical line spectrum. 

The line spectrum results from th 
from the atoms of the elements an 
atomic spectrum. 

Atoms give line spectra (known as 
molecules give band spectra (know 
The negative potential at which the photoelectric current 
becomes zero is called cut off potential or, stopping 


potential. 
When energy or frequency of scattered ray is lesser than the 


incident ray, it is known as Compton effect. 
d solar spectrum is called 


developed by Bunsen and 


e emission of radiations 
d is therefore called as 


atomic spectrum) and the 
nas molecular spectrum). 


The instrumental used to recor 
Spectrometer or Spectrograph 
Kirchoff in 1859. 
Photoelectric effect: 
In 1887, H. Hertz performed an experiment, when a beam 
of light of sufficiently high frequency is allowed to strike 
a metal surface in vacuum, electrons are rejected from the 
metal surface. This phenomenon is known as photoelectric 
effect and the ejected electrons as photoelectrons. The 
energy of photoelectrons is proportional to the frequency of 
the radiation falling upon the metal surface and the number 
of photoelectrons emitted per second is proportional to the 
intensity of the incident radiation. Following observations 
are made regarding photoelectric effect. 

a. Light of any frequency is not able to cause emission 
of electrons from the metal surface. There is certain 
minimum frequency, called the threshold frequency, 
which can just cause the ejection of electrons. The 
kinetic energy of the photoelectrons increases linearly 
with the frequency of the incident light. If the frequency 
is decreased below a certain critical value (threshold 
frequency, vy), no electrons are ejected at all. 


b. An increase in the intensity of incident light does not 


increases their rate of emission. 


c. Einstein's explanation of photoelectric effect: The 


photoelectric effect can be explained on the basis of 
quantum theory. 
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When this photon of light strikes a metal surface, t Rosa 
its entire energy to the electron. This energy helps : 

overcoming the attraction between the clectrons and By 
nucleus, If the frequency of light is less than the ee 
frequency, there will be no cjection of the s : 
however, the frequency of light is more than thres i9 

frequency, some of the energy will be required to remove tie 
electron from the atom and the extra energy (excess to that 


the threshold energy) gives the electron the kinetic energy, 


, l 3 
1.¢., mv . Thus, 


E(Total) = Ey(threshold + kinetic energy) 


(hv = Iv, + H m v?) (Vo = Threshold frequency) 
2, C 
or 
los 
hy = W+ ZH W = Work functional) 
he 


28. Energy of photon E = hv = x =hcv 
h is Planck’s constant, 


h = 6.626 x 10?* J s or 6.626 10-2’ erg s 


uic aba 19 
L 1.602 x10? JeV^ 


hc (6626x10?*Jsx3x105 m =| 1 
n 


_ 12.40 x 1077 
-= U—— e 
a 


_ 1240x107  1240eV nm 
À À nm 


m 


If the value of 1 is in nm, then he = a 


or 


For solving question in photoelectric effects, the value of 
hc in eV is taken to be 1240. 
29. Average atomic weight = % Abundance of isotope (I) 
* Relative atomic mass + % Abundance of isotope (II) 
Relative atomic mass 


100 
30. Hydrogen spectrum: 


It comprises five series of lines namely Lyman (U.V.) Balmer 
(visible), Paschen (1.R.), Brackett (I.R.) and Pfund (I.R.). 
The wave number (v) of each line in the spectrum is given 
by the following expression 


a Ze LER em! 
d. 0o "n n 


Z — nuclear charge, e.g., for 
H,9,Z =1, He®, Z 22, Li”, Z =3 
Here, R, = Rydberg’s constant; Z = atomic number or charge 


on nucleus (for hydrogen, Z = 1); n,, n; = electronic n 
involved in transition. The value of R, is mathematically 


expressed as 


31. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


——— UM M 


— 


4 R (NS 
2mm 10967776 cm or 1.0 10^ m 
HT ua 
cli | 
For hydrogen, frequency (v) of each line can be calculateq 
as follows. 


a 
v =3.29 x DP + sU 
n n 


For Lyman series (n = 1 and 7, = 2, 3, 4...), for Balmer 
Series (n, = 2 and n, = 3, 4, 5...), for Paschen series (n ~ 
3 and n, = 4, 5, 6...) and so on. 


Mosely's law: Jv = a(Z — b), where v is frequency or 
X-rays given out by metal of atomic number Z. 


. Each element has its own characteristic emission spectrum 


and absorption spectrum. 


- E, — En; issi ctra 
AE = E, — En; n, > n, (emission spe ) 


AE = E,, — En; n, <n, (absorption spectra) 
Number of spectral lines from ground state to n orbit is 
n(n — 1) 
2 
Number of spectral lines from n, and n, orbit is 
2 
The energy associated with K-shell is least and increases as 
we pass to L, M, N, O, P... etc. 


The radii of orbit when n = 1 is equal to 0.529 A. This is 
known as Bohr's orbit. 

The intensities of spectral lines decreases with increase in 
the value of n. For example, the intensity of first Lyman line 
(2 — 1) is greater than second line (3 > 1) and so on. 

In Balmer series of hydrogen spectrum the first line (3 2 
2) is also known as Lq line. The second line (4 2)isL 


line. The line from infinity energy shell is called limiting 
line. 


Angular momentum in an orbit (mvr) is 


h 
LL nh [where i= xj 
2n 2n 


a. Radius of electron in nth orbit 
nh? 
4n? K mez 


n 


where (h, t, m and e all are constants. 


h? 


"n K= 2053 - (constant) 7 0.529 A 2 0,529 x 10- m 
le 


2 3 

n 2 

r, = 0.529 Ax — or 0.0529 nm x 2 
Z Z 


Thus, the radius of atom goes on increasing as the 
number (n) of energy levels in the atom goes On 
increasing as shown: 


1 


r 


n2 — 


2 
ien 


2 


= 


p, If” is constant, then 


Va 


1/Z —> 


Putting n = 1, 2, 3, 4 etc., the radii of the first five orbits of 
hydrogen atom are: 


E C UNEREESETT T 


41. Energy of electron in Bohr's nth orbit: 


a. Theenergy ofan electron is negative since the maximum 
energy of an electron at infinity is zero. As the electron 
gets closer to the nucleus (as n decreases), energy 
decreases and the most negative energy value is given 
by n = 1, i.e., ground state. 

b. Potential energy (PE): This energy is released due to 
electrostatic attractive forces between electrons and 
protons. So the potential energy of electrons is negative. 


c. Kinetic energy (KE): It is positive due to the velocity 
of electron. 


d. Total energy (Erota): 
Total energy = Kinetic energy * potential energy 


Ej = KE + PE 
1 Ze Ze? 12€ 
A r r 2r 
^ Ea 7 KE 
PE=2* Erota 
e. Calculation of energy: 
2 
E,- - 12e (Put the value of r) 
2 r 
2 2 
Ep- - Z = 2 
n h 
TART D: 
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2 
2n me^ 


where K = j = constant 
1 


-. Energy of electron in nth orbit (£,): 
z? 

E„= -K — =-13.6eV atom! (when Z= 1,n=1) 
n 


= -2.179 x 107!! erg atom! 
or -21.72 x 107!? erg atom”! 

= 313.6 kcal mol! 

= 1312.0 kJ mol"! 

= 21.75 x 107? J atom! 


Note: Units: a. | erg = 10-7 J = 6.2419 x 10! eV 
b. 1 eV = 1.602 x 107! erg = 23.06 kcal mol! 
c. 1J= 6.2419 x 10'8 eV 
d. 1 eV = 1.602 x 10? J 


e | kcal = 4.184 kJ 
2 


Ë = -13.6eV x2; 
n 
E, for E like atom = £, for HÊ x z 


1 
f. IfZisconstant, then E, cc — -7 
n 


Therefore, the energy of electron increases as the number 


of orbits increases. 


ia 


n? —> 
2 
E m 
2 
E, n 


g. Ifnis constant, then E œ — z 


| 


Z 
h. B~ is Rhc 


EZ 
E, A 


2 
i. Kinetic energy (KE) = E x Rhc 
E 


2 
j Potential energy (PE) = (E x Rhe) 
n 


Physical Chemistry 


of. ae oe othudraven atom 
k. Quantisation of electronic energy levels of hydrogen ato! 


Quantum ‘state 


Second excited state 


First excited 
state 


Un 


BU U A 


m. If v is the velocity of electron in Ist orbit (n = 1) of 
hydrogen atom (Z = 1), and c is the velocity of light, 


then. 
v 2nke | ] 
—— x — = —— 
C h c ]137 
" 
y-— 
137 


; nke” . l 
[Note = @ (Fine structure constant) = — 
h 137 


Velocity of electron in first orbit of hydrogen is ta 
l l 137 
of the velocity of light (c) 


n. Number of revolution made per second in n" orbit 


_ Velocity of electron in n" orbit 


Circumference of n” 


V 


n 


Orbit 


2n» 


where r, is the radius of the n" orbit 
o. Number of waves per revolution made by an electron 
| 2nr 


i. 


Energy 0 


Excitation ¢ energy | 


0 — (713.6) = 13.6 ey 


-0.54 — (-13.6) = 13.06 ey 
-0.85 - (-13.6) = 12.75 ey 
-1.51 - 13.6) = 12.1 ey 


-34 - (-13.6) = 10.2 ev 


0 eV 


0 
—0.87 x 10-1? 
-1.36 x 10-1? 
-241 x 10-? 
-5.42 x 10-1? 
-21.72x 10-1? 


2 (als) 
h/ mv mv 


2n 
= — x mvr 
h 


p. Energy can be expressed in terms of units of wave 
number i.c., cm”! or nr. The energy equivalent of 


1.00 cm! (or 1.00 x 10? m-!) can be calculated as 
follows. 


i. E(per photon) = Av = Aic/A = hc V 
-(6.62 x 105°% J s) . (3.00 x 10° 
m s) (1.00 x 10? m») 
= 1.99 x 10723 J 
ii. F(per mol) = (1.99 x 103) x (6.02 x 10? mol) 
1000 J kJ"! 


= 120 x 10 kJ mor! 
43. Velocity of electron in n™® orbit (7 ) 
n 


Z 
V -2.18x106 x ms"! 
n 
n 
44. Number of fine lines ofa line = n X n. 


45. Possible transition for a jump from n, to n, = X(n, - n) 
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de Broglie principle: An electron exhibits w 


f vo ave-like as we : A 

a5 particle characteristics. el 50. w? dV is the probability of finding the electron In à small 
h hh. —" volume element dV surrounding the nucleus of an atom. 

pec Ft entum 51. The particular value of y are called eigen functions and 


p mv 


T Planck's constant = 6.626 x 10-34 Js the values of energies which correspond to these are called 
i= c . 


eigen values. 


" dc-Broglie's equation and uncertainty principle are 52. The eigen function for an clectron is called atomic orbital. 
applicable to all the moving bodies and they ar 53. Wave equation is applicable to both atoms and also 
significant only in case of particles like atoms s molecules, but the treatment is complicated for molecules. 
subatomic particles such as electrons, protons etc 54. On solving the equations we find regions in space where V 

l is positive or negative but y? (probability density) is always 


p, de-Broglie's equation and uncertainty principle have 
no significance for macroscopic particles and can be 
neglected in everyday life. 


positive. , 
55. Probability distribution: In wave mechanics a moving 
electron is represented by wave function, y. It has no 


c, de-Broglic’s eduauon explains only systems in which physical significance and refer to the amplitude of electron 
energy of particle is described only in terms of speed. In wave.’ However y?isa significant term and gives intensity 
the case of electrons where energy is partly due to speed of electrons. The probability of finding an electron in a 
and partly due to position the de-Broglie's theorem is given volume is understood best in the form of radial 
used as an approximation. probability distribution curves. The distance of maximum 


radial probability is radius of an atom. There are two humps 
for 2s orbital which means that the 2s electron penetrates a 
little closer to nucleus. The point at which radial probability 
becomes zero is known as nodal point. 


d. Limitation of de-Broglie concept: de-Broglie concept 
applies quantitatively only to particles in a force free 
environment. Thus, it cannot be applied directly to an 
electron in an atom, where the electron is subjected to 
the attractive forces of the nucleus. 


47, Heisenberg's uncertainty principle: It is impossible to 
measure simultaneously the exact position and velocity of 
a small moving body like an electron. 


h h 34 
— |[—20.525x10^ 
Ax x Ap2 de Vas x Js 


48. Schrodinger wave equation: Erwin Schrédinger 
developed a new model of atom in 1920. He incorporated 


the idea of quantisation, and the conclusions of de-Broglie’s i 2 
principle and Heisenberg's principle in his model. In this 
model, the behaviour of the electron in an atom is described ! 
` | 
[ 
l 


Radial probability 


by the mathematical equation as: 


2 2 2 2 
E g 8 
T à - + = = + ro = (E -V)y= 0 Distance 2p 
X ^ z 1 , 

| 56. The radius of maximum probability of 1s electron is 0.529 À. 
(Here x, y and z are three space coordinates, m = mest 57. The number of regions of maximum probability for 1s, 2p, 3d 
of electron, h = Planck's constant, E = Total energy, V = and 4f is one. For 2s, 3p, 4d and 5f these are two and so on. 
potential energy and y = wave function of electron wave) 58. The small humps indicate that the electron has a tendency 


to penetrate closer to the nucleus. 


The above expression can also be expressed as 
59. In between the regions of maximum probability there is 


2 

Vy + TT (E-V)wy-0 | region of zero electron density called node. More is the 

, : number of nodes more is the energy of an orbital. 
2 tor. 
Here V ce a Lapacan T Bond 60. In these curves, the first orbital of each type (Is, 2p, 3d, 
The permitted solutions of Schrón - mE definite 4f) has one region of maximum probability and no node. 
known as wave functions which corresponds , Whereas the first orbital of each type (2s, 3p, 4d, 5f) has two 
energy state called orbital. Thus, the discrete Bohr orbits vecors roba d od de d 
are replaced by orbitals i.e three-dimensional geometrical : ; ME CDD CHINE 
p y e. 61. Shapes of orbitals: 


volumes where there is maximum probability of locating the 
electrons. In simple words, the equation may be interpreted 
by stating that a body/particle of mass m, total energy (E), 
potential energy (V), has wave like characteristics associated 
with it, with an amplitude given by wave function W. 

49. The wave function of an electron (V) in the field of nucleus 
ofan atom is called atomic orbital. It is a three-dimensional 
amplitude of electron wave. 


Boundary surface diagram: It is not possible to draw a 
shape that bounds a region in which the probability of finding 
the electron is 100%. A surface can be drawn however, that 
connects the points of equal probability and that encloses 
a volume in which the probability of finding the electron is 
high (for example 95%). Such a representation is called a 
boundary surface diagram. 


4.8 Physical Chemistry 
As discussed earlier, each orbital is to be denoted by a wave 
function (y). The value of y is function of 
i. distance from the nucleus (radial part) and 


ii. angle 9 and $ (angular part). 
The radial part gives the size of an orbital whereas the 
angular part tells about the shape of orbitals. 

62. The s-orbitals are spherical in shape and have symmetrical 
orientation. For all s-orbitals there are (n — 1) number 
of spherical nodes (a three-dimensional space about the 
nucleus where probability is zero). 

63. The p-orbitals are dumb-bell in shape with two lobes of 
same size on each side of the nucleus. The two lobes are 
separated by a plane in which the probability of electron is 
zero. It is called nodal plane. These orbitals are resolved in 
three planes and designated as p,, p, and p.. 

64. The d-orbitals are five in number. Four of these have a 
double dumb-bell shape (d; ET dy, d,., d.) whereas the 
fifth ( d? ) is dumb-bell in shape with a collar of high electron 
density along xy plane (doughnut). 

65. The f-orbitals: They are seven in number they are divided 
into two sets as shown: 


Thegeneralset | 


E zu 


The cubic set 
Ff or f? or fj? 
(i) fx? same as fz} except 
lies along the x-axis 
(ii) fj? same as fz? except 
lies along the y-axis 


2. | fx? — 3y2) 
3. | fv(3y? — x?) same as 


x(x? — 3y°) except lies 
along the y-axis. 


4- EC? — 3°) or fyz same |6. | foz — | 

as the corresponding |7. fa(x? — y?) or f(z? — x2) or 
orbitals in cubic set fee? — y*). Same as fxyz 
but rotated at 45° about x, 
y, Z axes. 


66. Quantum numbers: The set of four integers required to 
define the state of electron in an atom are called quantum 
numbers. The set of quantum numbers are: 

i. Principal quantum number (n): It was proposed by Bohr 
and is used to explain the appearance of main lines in the 
atomic spectrum of an element. 

It determines the main energy level, the average distance 
ofthe electron from the nucleus and the magnitude of energy 
of the electron. It is denoted by n which can have integral 
values excluding zero such as 1, 2, 3... also denoted as K, 
L, M etc. 

The maximum number of electrons in any principal shell 

is given by 2n? where n is principal quantum number. 
ii. Azimuthal (or subsidiary) quantum number (I): It was 
proposed by Sommerfeld. It is also known as orbital or 


angular momentum quantum number and is denoted by ‘/’. 
h 

Orbital angular momentum = ,//(/ + 1) = 
n 


It tells us about the subenergy shell (/) of the electron. 
The values of / depend upon principal quantum number, 


iii. 


67. 


68. 


69. 
70. 
71. 
72. 
73. 


74. 


n. For a given n value, / can have values starting from () A 
(n — 1), a total of n values. For / values 0, 1,2,3, 4,4. the 
subshell notations are s, p, d, f, g,... respectively. Its vay, 
also indicates the shape of the electron cloud or orbital, The 
maximum number of electrons that can be accommodated 
in a given sub-energy level is given by 2(2/ + 1). In, 
multielectron atom, the energy associated with an electro, 
depends both on n and /. 

Magnetic quantum number (mj): It was proposed by 
Lande to explain the splitting of lines of atomic Spectrum 
in magnetic field (Zeeman effect) or in the electric fielq 
(Stark effect). It is denoted by m, and its values depend on 
/ values. For a given value of / there can be (2/ + 1) values 
for m ranging from -1 to +1 including zero. Each value of 
m, corresponds to an orbital in a shell with same / value. 
Magnetic quantum number describes the orientation of the 
orbital in space around the nucleus. For a subshell with / = 
0, there is only one orientation of the orbital, for a subshel| 
with / = 1 there are 3 orbitals which can have different 
orientations so on and so forth. 


Number of orbitals in a shell is 7?. 


iv. Spin quantum number (m): It was proposed by Uhlenbeck 


and Goudsmit. Spin quantum number gives an idea about 
the electron spinning on its axis. Each spinning electron can 
have two values of spin quantum numbers, which are: + 1/2 
(clockwise spin) and —1/2 (anticlockwise spin). 


Mathematically, spin angular momentum has a magnitude 
Sz sts + 1) 
n 


3h . 1 
= since s = — 
4n 2 


Spin quantum number is the only quantum number that has 


non-integral values and is not derived from Schródinger's 
wave equation while other three quantum numbers are 
derived from wave equation. 


The principal quantum number (n) gives the size of the 
orbital and energy of the electron. Azimuthal quantum 
number (T) gives the shape of the orbital. 

Magnetic quantum number (m) gives the spatial orientation 
of the orbital in the magnetic field or the number of orbitals 
In a subshell. 

The electrons present in the outermost shell are called optical 
electrons as they are readily excited and hence yield line 
spectra. The other electrons are called spectator electrons. 
Number of subshells in a m 


ain energy level is equal to n. 
Number of orbitals in 


a main energy level is equal to 7”. 
Number of orbitals in a subshell is equal to (2/ + 1). 
Number of electrons in each orbital is equal to 2. 


Maximum number of electrons in 


à subshell is equal to 2(2! 
+1), 


Maximum number of electrons in a main shell is equal te 
2n". 
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leetronije configu. 

We filled nceordinp 

leetronie sontbautniley ien/prinelplen 

ái rol the element, 

yy, Auth principle: // vates that ele 
orbitals in order of Increasing energy and the energy of 
orbitals is governed by (n4 [) rule, In simple o D if the 
of lower energy are Aed Arst followed hy orbifülu oe 
energy. of hipher 

77, Paul's exeluslon principle: // sates thar no wo electrons 
can have the same value of the four quantum Ms An 
This implies that no two eleetrons are alike in an ito 
in other words an orbital can nceommodate n ailing V 
two electrons, 


trons are filled py the 


78, Hund's rule: This rule states that pairing of the electrons 
in degenerate orbitals, belonging to a particular subshell 
(ie. pd and f) does not take place tll each orbital Is 
occupied by a single electron with parallel spin. Degenerate 
levels have low energy when they are empty, half filled or 
completely filled. Fhe anomalies are observed occurring in 
a few configurations (particularly transition elements) for 
example (i) chromium has a configuration of 345 4s! and 
not 3d^ 4s? and (ii) copper has a configuration of 349 4,! 
and not 34? 49, This is attributable to the extra stability of 
half filled or completely filled set of degenerate orbitals, 

79. Half filled and fully filled electronic configuration arc stable 
since they have more symmetry and more exchange energy. 

80. All substances have magnetic properties due to magnetic 
moment associated with electron spin and with orbital 
angular momentum of the electron. 

81. The two electrons in different atomic orbitals arc far apart 
and suffer less electron-electron repulsion than when these 
occupy same orbital with opposite spins. 

82. The energy of atomic orbitals for H-atom is (as the energy 
depends on the value of n): 

Is < 2s = 2p < 3s = 3p = 3d < 4s = 4p 7 4d — 4f 

83. According to Aufbau principle, the energy of orbitals 
(other than H-atom) depends upon n + / value and varies as 
ls < 2s < 2p < 3s < 3p < 4s < 3d < Ap < 5s < 4d < Sp < 6s 
<4f< 5d < 6p < 7s < Sf « 6d. 

84. Energy associated with any orbit or orbital decreases as the 
nuclear charge or atomic number increases. 

85. Number of orbitals in a subshell = 2/ + 1, where / is the 
azimuthal quantum number. Number of subshells in a main 
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levis hi equalto pn where jy hs he principal quantum pnurnbcr. 
The possible valies of / or these subyhells range from O 
lon V, The total number of orbitals in nth shell can be 
eneulited ns follown, 


Ip E 
Voti number of orbitals in nth shell 2.2/1 
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Win nn AP, (Arithmetical Progression) of n terms, where 


firni term, a= 1 and common difference, d- 2, 
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= (In| =n? 
2 
As each orbital can have at the most two electrons, number 
of electrons in nth shell = 277, 


86. In most cases, wave function y is a complex quantity of the 
form (a+ bl), As we know these complex quantities has no 
physical significance, In such cases probability density |r|? 

a? + h? which is real, 


87. Total spin ^ i n) 


88. Magnetic moment (spin only) of an atom ^ yaln + 2) BM, 
where n is number of unpaired electrons. 


89. Orbital angular momentum for d orbital is 


= KI 1) 2 A22 +1) = hv6 
T 


h | 
90. Angular momentum for p orbital = ae I(l+\)= h42 
n 


91. Angular momentum for / orbital = hJ3(3 + 1) = 2 3h 
92. a. Spherical (or radial) nodes: The spherical surface 
where the probability of finding an electron is zero is 
called a spherical or radial node. 
[n general, the number of spherical nodes in an orbital 
-pn-l- l. 
b. Total number of nodes =n- | 

93. Nodal plane: The plane in which the probability of finding 
an electron is zero is called a nodal planc. 
Number of nodal planes for an orbital = / 

94, Screening rule: According to this rule, the electron clouds of 
the inner completed shell screen (protect) the outer electrons 
against nuclear attraction. For this reason, the ns, sub-shell 
is filled prior to the (7 — D)d level. 
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er ratio. This is known as the Secony 
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4.10 Physical Chemisty 0 — Mid bears a simple A num rita suggested some relations betwee, 
aie ee "Ieetrolvsis. These results : - 
N law of electrolysis. T ectrolysis indie 
4.1 INTRODUCTION sed by ancient Indian atoms and electricity. Moreover, the laws of elec YSIS Indicat, 
. X ; has been proposed 5) dea aln i; ; : units of electricity called electron 

The existence of atoms 1 +) who believed that all that atoms involve discrete units Ons, 
and Greek philosophers (400 B.C.) 8 icles called atoms HANE "electrons can be clarified by experiments on electri, 
n - consisted of very small indivisible particles a ks The nature of electrons 
E hem, atoms were the fundamental building blocks discharge through gascs. iy Faraday: Bevan i 
According to them, atom: M ` - ic ientists main araday O Stu 

= iter, The continued subdivision of matter would yield In mid 1850s scientists mainly dy 
of matter. 


l “sh could not be further divided. The word ‘atom’ was Jecirical tlischarpe inia partially cvacuated tube known as cathod 
atoms, aed word ‘a tomio’ which means in divisible’, : vdischdhre tube, A discharge tube is a long glass tube c ontaining 
hae ids were mere speculations and did Hot ion michi ene metal. called electrodes, sealed in it as show, 
experimental basis. These idcas remained annt fora very ong TE ig 4. [(a). 
time and were reviewed again by scientists in the 19th century. 

In 1808. an English scientist John Dalton formulated a 

precise definition of the indivisible building blocks of matter Gas at low pressure 
known as atoms. His theory, called Dalton s atomic theory, Cathode nsi: 
regarded the atom as the ultimate particle of matter. The postulates 

of Dalton’s theory are as follows: 


To vacuum 
pump 


a. Every matter is composed of very minute particles called 
atoms, which take part in chemical reactions. 


b. Atoms cannot be further subdivided. 


c. The atoms of different elements differ from each other in 
their properties and masses, while the atoms of the same 
element are identical in all respects. 


Fig. 4.1 (a) A cathode ray discharge tube 


The tube is connected to a vacuum pump to control the 
pressure of gas inside the discharge tube. When a very high voltage 
of about 1000 V is applied to the electrodes at either end of the 
discharge tube and the gas pressure inside the tube is reduced to 
about 107 atm, an electric current flows and light is emitted by 


the gas. The current flows through a stream of particles moving 
DIOE atomig eon wes 2010 explain veces ee in the tube from the negative electrode (cathode) to the positive 
law of conservation of mass, the law of constant composition, a 


a = —— electrode (anode). These are called cathode rays or cathode ray ^ 
and the law of multiple proportion. However, it failed to explain ——— illia a 


erties of atoms and; The drawbacks of alten? particles because they start from the cathode and end at the anode. 
many properties of atoms and matter. The drawbacks of Dalton’s The flow of current from cathode to anode can be further checked 
theory are as follows: —— Ede ee t 


by making a hole in the anode and coating the tube behind the 
anode with a phosphorescence material zinc sulphide. When these 
rays, after passing through anode, strike the zinc sulphide coating, 


b. It could not explain how atoms of different elements differ a bright spot on the coating is developed as shown in Fig. 4.1(b). 
from one another. 


d. The atoms of different elements can combine in simple ratios 
to form compounds. The masses of combined elements 
represent the masses of combined atoms. 


e. Atoms can be neither created nor destroyed. 


a. It failed to explain the internal structure of atoms and 
assumed atoms that have no structure. 
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| Fluorescent coating 


c. Itcould not explain how atoms of different elements combine 
with one another. 


A.2 SUBATOMIC PARTICLES Cathode (-) 


In the end of 19th century, it was discovered that atoms consist 
of subatomic particles such as electrons, protons, and neutrons, 
In this unit, we will discuss various subatomic particles and the 
evolution of the model of the internal structure of atoms. 


(+) Anode 


High voltage 


f.2.1 DISCOVERY OF ELECTRON—CATHODE RAYS 
In 1830, Michael Faraday, an English physicist, showed that 


Fig. 4.1(b) A cathode ray discharge tube with perforated anode 
The same phenomenon is used in television sets, These rays 
consist of negatively charged particles called electrons. 
the electrodes. This decomposition of an electrolyte by passing 44.2.2 PROPERTIES OF CATHODE RAYS 
The cathode rays possess the lollowing properties: 
eso | a. Cathode rays travel in straight lines, An object placed in the 
electrolysis. Faraday also showed that the number of moles of the path of cathode rays casts a sharp shadow [Fig. 4.1(c)]. |! 


elementary substances liberated by a fixed quantity of electricity shows that cathode rays travel in straight lines. 
Ee RR RSEN 
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Shadow 
Cathode 


Fig. 4.1 (c) An object placed in the path of cath 


a sharp shadow ode rays casts 


p. Heating effect: When cathode rays are focused on a thin 
-tal foil, it gets heate i 
metal g d up to incandescence, 


c, Cathode rays consist of material particles. This is indicated 


by the fact that a light paddle wheel placed in the path of 
cathode rays starts rotating [Fig. 4.1(d)]. 
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T 
Cathode Anode 


Light paddle wheel 
Fig. 4.1 (d) Movement of light paddle wheel 
d. Effect of electric field: When an electric field is applied 


to a stream of cathode rays, they get deflected towards the 


positive plate [Fig. 4.1(e)]. It shows that cathode rays are 
themselves negatively charge à . 
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Fluorescent 
screen 


Fig. 4.1 (e) Effect of electric field on cathode rays 


e. Effect of magnetic field: When a magnetic field is applied 
perpendicular to the path of cathode rays, they get deflected 
in the direction expected for negative particles. This further 

HIC GITECHOUCADSS T SARATS 
confirms that cathode rays are negatively charged. 


To vacuum pump 


| Fluorescent 
screen 


Fig. 4.1 (f) Effect of magnetic field on cathode rays 


f. On striking against the walls of the discharge tube, cathode 
rays produce faint greenish fluorescence. 
g. Cathode rays ionise the gas through which they pass. 
h. Cathode rays produce X-rays when they are made to fall on 
metals such as tungsten, copper, etc. —— 


i. They can penetrate through thin metal foils. 
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Tu apr ake. cu o ! , is 
j. The charge-mass ratio (e/m) of the particles in the yu : 
independent of the nature of thc gas taken in the discharg 
tube or the nature of the cathode. 


4.3 CHARGE-MASS RATIO (e/m) OF 
ELECTRONS 


In 1897, British physicist Sir J.J. Thomson studied the deflection 
of cathode rays under the simultaneous application of electric d 
magnetic fields applied perpendicular to cach other as well as to 
the path of electrons (Fig. 4.2). Thomson showed that the amount 
of deviation of the particles from their paths EI e o 
electrical or magnetic field depends upon the folto fe following | actors: 
— dei hc Catua cl cle: The 
a. Magnitude of the negative charge on the partic : 
greater the magnitude of the charge on the pu » 
greater the interaction with the electric or magnetic Tle 
and thus the greater the deflection. l 
_b. Mass of the particle: The higher the mass of thc particle, 
the lesser the deflection, the lighter, the particle. and the 
greater the deflection. 
c. Strength of the electric or magnetic field: The deflection 
of electrons from their original: paths increases with an 


increase in the voltage across the electrodes or the strength 
of the magnetic field. 


Cathode Anode 


Fig. 4.2 The apparatus to determine the charge to mass ratio of electron 


Figure 4.2 shows that when only electric field is applied. 
the electrons deviate from their paths and hit the cathode ray tube 
at point A. Similarly, when only magnetic field is applied, the 
electrons strike the cathode ray tube at point C. On balancingthe 
two fields, the cathode rays strike the fluorescent screen at the same 
position (i.e., point B) when neither field is applied. 


By carrying out an accurate measurement of the amount of 
deflections observed by the electrons on the electric field strength 


or magnetic field strength, Thomson determined the value of 
elm, as follows: 


c. -158820x10 4 Ckg! | 
m, 

where m, is the mass of electron in kilogram and e is the magnitude 
ofthe charge on electron in coulomb. Since electrons are negatively 
charged, the charge on electron is —e. The e/m ratio for the particles 
in the cathode rays is found to be same irrespective of the nature 
of cathode or the nature of the gas taken in the discharge tube, 


thus showing that electrons are the basic constituents of all atoms. 


4.4 CHARGE ON THE ELECTRON 


The charge (e) on an electron was determined by R.A. Millikan 
in 1909 by an ‘oil drop’ experiment. 


are il droplets 1n 
Millikan's oil drop method: In Iis method, SLE io enter 
the form of mist, produced by. an t i aal condenser. 
through a tiny hole in the Thes Po j E emt through a 
The downward motion of these em al Masi measuring 
telescope equipped with à mirometereye piece, ny Tm oil 
spate of fall of these droplets, Millikan meast Ce of 
e i - air inside the chamber 15 ionised by passing 2 cam o 
Nenys hroua it, The electrical charge m = oil a 
acquired because of collisions with gascous cane 5i ‘he cus 
velocity ota given oil droplet as 1 falls freely un a E ipn 
of gravity and then in an electric field, it à ponsi e in as | 
the charge (q) on the droplet. The fall of these chai ged oil drop ets 
can be retarded, accelerated, or made stationary depending upon 
the charge on the droplets and the polarity and strength of the 
voltage applied to the slate. By carefully measuring the effects 
of electrical field strength on the motion of oil droplets, Millikan 
concluded that the magnitude of electric charge, q, on the droplets 
is always an integral multiple of the electric charge, e, that is, 
y=ne, where n= I. 2, 3, .. B - 
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roplets 


droplets. 


Oil droplets Charged plate (+) 


Small hole 


X-ray from 
the source 


Oil droplet 
under observation 
Fig. 4.3. The Millikan oil drop apparatus for measuring charge ‘e’. In the 
chamber, the forces acting on the oil drop are gravitational 
force, electrostatic force due to electrical field, and a 
viscous drag force on the moving oil drop 


Charged plate (—) 


The charge on the electron is found to be 1.6022 x 10-1? C. 
This is taken as one unit negative charge. 


Mass of the electron: The mass of the electron (m,) is 
determined by combining the value of charge (e) on the electron 
with Thomson's value of elm, ratio: 


Thomson's experiment: e/m, = 1.758820 x 108 C/g 
Millikan experiment: e = 1.6022 x 107? C/electron 


.. Mass of electron m = 


e/m, 


_ 1.6022 x 10°’? C/electron 
1.75882 x10'! C / kg 
= 9.1094 x 10?! kg 
= 9.1094 x 1075 g 
The mass of electron is very small and is approximately 1/ 
1537 times the mass of an atom of hydrogen. 


Note: In Milliken's oil drop method, electrons get charged at 
the nozzle of the atomiser due to friction. When these 
negatively charged oil droplets are irradiated with 
X-rays, the charge on the oil drops decreases. This is 
because, X-rays ionise the gas and negatively charged 
oil droplets attract the positively charged ions produced. 


— | 
ILLUSTRATIC 


An oil drop has 6.39 x 1077? C charge. How many electron, 


does 


this oil drop has? 


SOM) The charge on an oil drop is 6.39 x 107? C. The charge op 
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the electron calculated by the Millikan oil drop method it 


Lax 107? C. m 
6.39x 10 


~ 


[6x10 — 


There are four electrons on the oil drop. 


Hence, the number of electrons are 


> ug 
A ā 
} eb. La 


In an oil drop experiment, the following charges (in arbitrary 
units) were found on a series of oil droplets. Calculate th. 
magnitude of the charge on the electron. 


3 x 10715, 9 x 10-5, 12 x 1075, 18 x 107 


"Soli? The magnitude of the charge should be smallest and othe, 


charges should be integral multiples of that smallest charge, 
So, in the problem, the smallest charge is 3 x 1075 and jg 
also an integral multiple of this charge. 


.5 DISCOVERY OF PROTON—ANODE 


RAYS OR CANAL RAYS 


In 1886, Goldstein discovered a new type of rays in the 


disch 


arge tube. He used a perforated cathode (as shown in 


Fig. 4.4) in the discharge tube. On passing electrical discharge at 
low pressure, he observed a new type of rays streaming behind the 
‘cathode. These rays were named anode rays or canal rays. These 
rays consist of positively charged particles. 
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Fig. 4.4 Canal rays or anode rays 


The characteristics of these positively charged particles are 


listed below: 


a. 
b. 


C. 


e 


Anode rays travel in straight lines. 
Anode rays consist of material particles. 


Anode rays are deflected by electric field towards negatively 
charged plates, This indicates that they are positively charged. 


. When a magnetic field is applied in the path of anode rays. 


they get deflected towards the direction expected for positive 
particles. 

Unlike cathode rays, the positively charged particles depend 
upon the nature of gas present in the cathode ray tube. These 
are simply the positively charged gaseous ions. 

The charge to mass ratio of the particles depends upon the 
nature of the gas taken in the discharge tube. 


DD ` 


Table 4.1 Some important subatomic particles 
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Negatively charged 


. Some of the positively charged particles carry a multiple of 


the fundamental unit of electrical charge. 


According to the above-mentioned characteristics. the charge 


o mass ratio (e/m) of the particles in the anode rays depends upon 
pe nature of the gas n the discharge tube. e/m ratio is maximum 
“nen hydrogen gas in the discharge tube. This shows that positive 


"s formed from hydrogen are lightest. These positively charged 
garictes are called protons. The charge to r mass ratio for protons 
s 9.58 x 10" C C/g. The charge on protons has the same magnitude 
qs that of electrons but of opposite sign, i.e., 1.6022 x 10-!? C. 


From these two values, the mass of proton can be calculated and 


is found to be 1.67 x 107^ g or 1.673 x 10777 kg. The mass of 


roton is same as the mass of a hydrogen atom, and it is about 
1837 times the mass of an electron. 


From the above observation it follows that a proton is a 
fundamental particle of atom carrying one unit positive charge 


and having mass nearly equal to the mass of an atom of hydrogen. 


Note: 1. Cathode rays originate from the cathode. Anode rays 
do not originate from the anode. 

2. The cathode rays are ejected from cathode at right 
angles to its surface irrespective of the position of the 
anode. 

3. Even if there is only one residual gas in a discharge tube, 
the different anode ray particles may have different 
specific charge (e/m). This is because different atoms 
of the gas may loose different number of electrons. 
However, most of the gas atoms loose only one 
electron. In this case e/m of different anode ray particles 
will be integral multiple of the lowest possible value. 


4.5.1 DISCOVERY OF NEUTRON 


The mass of an atom is mainly concentrated in its nucleus. 
The nucleus contains not only protons but also another type of 


particles called neutrons. These particles were discovered by 


Particles 


Electron (_,e°); discovered by 
J.J. Thomson 


2. | Proton (,H!); discovered by 
Goldstein 


Neutron (,i!); discovered by 
Chadwick 


particle 


Hydrogen nucleus 
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James Chadwick in 1932. He bombarded a thin foil of beryllium 
with fast-moving o-particles and observed that electrically neutral 
particles having a mass slightly greater than that of protons were 
emitted. These particles have very high penetrating power. 


9 4 12 l 
,Be + »He’ —— C + on 


These neutral particles were found a have mass of 


1.675 x 1027 kg and were named neutrons and denoted by o” - 
A neutron is a fundamental particle of atom present in the nuclei 


of all atoms except hydrogen or protium. 


— — 


It is assumed that a neutron is a result to joining together an 
electron and a proton. 


Being unstable, a neutron decays as follows: 
0 
on => aP +€ 


Its half-life is 20 minutes. 


A.6 OTHER PARTICLES OF ATOM 

a. Positron: It was discovered by C.D. Anderson in 1932. It 
bears a unit positive charge, and its mass is equal to that of an 
electron. Thus, its mass is regarded as negligible. It merges 
with an electron and emits electromagnetic radiations. It is 
denoted by „e. n DS ME 

b. Meson (x): In 1935, Yukawa discovered this particle. 
Different types of meson particles can be found in an atom. 
These is called the meson family. 

c. Neutrino (e°): Pauling discovered this particle in 1927. It 


» — ~ 


does not bear any charge, i.e., it is an electroneutral particle. 
d. Antiproton: Segre discovered this particle in 1956. It bears 

a unit negative charge, and its mass is equal to that of a 

proton. 

The properties of the fundamental particles of atoms are 


summarised in Table 4.1. 


0.00054 amu 
or 9.1 x 10?! kg 


—1.6022 x 10°19C 
or -4.8 x 10719 esu 


Positive (n9) 
Neutral (x9?) 


Meson (n) 
a. Positively, negatively charged 

meson; discovered by Yukawa 
b. Neutral meson; discovered by 
Kemmer 


Negative (n^) 


4. | Positron (,,¢°); discovered by 
Anderson 

5. | Neutrino and antineutrino (4°); 
discovered by Fermi 


+1.6022 x 107? C 1.00727 amu 
or +4.8 x 1071? esu or 1.673 x 10? kg 
Neutral particle Zero charge 1.00867 amu 
or 1.675 x 107? kg 
One unit positive 0.000549 amu 
charge or 9.1 x 10?! kg 
Zero charge 0.00002 amu 


Positive charge 
No charge 


: 0.16107 amu 


Negative charge 
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4.7. Radioact ity 


-athode Tavs and anode rays showed that Dalton’s 


M 
The si ; tom is composed J of subatomic particles carrying positive 
"au 


shares. This was further supported by the phenomenon 
fivc a 

i itv discovered bv Henry Bec querel i in 1896. He observed 
pim sJements w chich e emit radiations on their own 


re certain e 
ae ymenon as radioactivity-and the elements as 


] this phenc | 
< elements. This field was further developed by Marie 
ý cao - Curie, Rutherford. and Frederick Soddy. It was observed 
. iiem e sample such as uranium was placed in a lead 
ien ‘ed the emitted rays from it to pass through strong 
setic fields, the radiation resolved into three directions 


and neg 
ot 
that there 


Cure. Pi 
that 8 hen 
block and 
electric and magi 
(Pig. 4.5) 

Table 4.2 Characteristics of a-, B-, and y-rays 
Property ENS 
6.67 x 10" kg or 4 amu 


+2 unit 


1B 


3. Identity Helium nuclei (He?) 


4. Velocity 


1/10th of the velocity of light 


5. Effect of electric field 


Small 
of O-rays 


6. Penetrating power 


b. The rays which deflected towards the positive plate were 
MEE c RE REPRE a RR 


named as D-rays. 


c. The rays which remained undeflected were named as y-rays. 


Rutherford found that O-rays consist of "high h energy particles 
carrying two units of pc positive charge à and four units of at atomic 
mass. He concluded that o-particles are helium nuclei 
because -particles combined with two electrons to yield 
helium gas. B-rays are negatively charged particles similar 
to electrons. y-rays are high-energy radiations like X-rays, 
are neutral utral in nature, and do not consist of particles. As 
regards pene penetrating power, O.-particles have the least p power, 
followed by B-rays (100 times that of o-particles) and y-rays 


Sn 1000 times š that of o-particles). 


4.8 ATOMIC MODELS 


After the discovery of subatomic particles namely proton and 
electron, Dalton’s atom was no more indivisible. It was suggested 
that an atom consisted of subatomic particles carrying positive 
and negative charges. Different atomic models were proposed 
to explain the distribution of these charged particles in an atom. 
J.J. Thomson, in 1898, was the first to propose a detailed model 


of atom. 


Deflect towards negative plate 


— 


«—— Photographic Plat 


— a-Rays 


(+) Electric field 


Lead block 
Radioactive substance 
Fig. 4.5 Radioactive rays 
a. The rays which deflected sli ghtly towards the negative plat, 


were named as O-rays. 


Negligible 


0 
= 


High-energy radiations 


9.11 x 10?! kg 


—] unit 


Electrons 


Nearly same as that Same as that of light 


of light 


Deflect towards positive No deflection 


plate 


Large, 100 times that Very large, 10000 times 


that of &-rays 


A.9 THOMSON MODEL 


In 1898, J.J. Thomson proposed that an atom possesses a spherical 
shape (radius approximately 10719 m) in which the positive charge 
is s uniformly distributed. Electrons are embedded into it more or 


a —M M — 


less uniformly to give the most stable electrostatic arrangement 
(Fig. 4.6). This model of atom is known as plum pudding model 


or raisin pudding model or watermelon model. This model can 
be visualised as pudding or watermelon of positive charges with 
plums or seeds (electrons) embedded into it. 


Electron 


Positive sphere 


Fig. 4.6 Thomson's model of atom 


This model assumed that the mass of an atom is 
uniformly distributed over the atom. 

This model was able to explain the electrical neutrality of 
atoms but failed to explain the results of later experiments such as 
Rutherford’s famous Q- -particle scattering experiment, Thomson 


D 


co gast ] | 
be i Atomic Structure 4.15 | 
ps awi arded | Nobel Prize for physics in 1906 t for his ese Se 


mental investigations on the conduct al and of an atom is uniformly distributed over the entire atom, and 

wpe en ction of electricity in gases. Q-particles have enough energy to pass directly through such a 

10 RUTH ERFORD'S NUCL uniform distribution of mass. It was expected that o-particles, \ 

4. i .9 NUCLEAR while passing through the foil, would experience only a wcak i 

. MODEL electric field and that the particles would slow down and suffer | 
Mi i : H 

T i911. British “British physicist Ernest. Rutherford and two eminent only a slight deflection by a small angle. 


xperimenters ' Geiger and Marsden bombarded a very thin 
“old foil (thickness ~100 nm) with a stream of high energy 


“particles. Rutherford's famous &-particle scatter ing experiment 
is represented in Fig. 4.7(a) and (b). 


Rutherford, on the basis of his observation, drew the 
following conclusions regarding the structure of atom: 
a. Since most of the o-particles passed through the foil 
undeflected, it indicates that most of the space in an atom 
Gold foil is empty. | 
b. A few positively charged ac-particles were deflected. The — 
deflection must be duc to an enormous- repulsive force. 
This shows that the positive charge of an atom is not 
spread throughout the atom as Thomson had presumed. 
The positive charge is concentrated in a very small volume, 
which repelled and deflected the positively charged 
o.-particles. Rutherford named this positive centre as 


Source of 


alpha particles Lead plate Photographic plate 


nucleus. 
(a) Rutherford S scattering expeemen c. Rutherford calculated that the volume occupied by the | 
Heam ot Thi nucleus is negligibly small as compar ed to the total volume j 
a m s A M 
a Eee of the atom. The radius of the atom is about 107!9 m, while 
|.) (e) >” that of nucleus is 107? m. | 
——— auau P n . ° S 
(e) Rutherford, on the basis of his observations and conclusions, | 
AA NENNEN $ proposed the nuclear model of atom. 
t) Deflected 1 
a-particle 4.10.1 MAIN POSTULATES OF THE MODEL | 
MV e. ) a. Most of the mass and all the positive charge of an atom iS 
(e) I- concentrated in a very small region called nucleus. The s size 
L EMEN | 92 —— of the nucleus (-107 DE is extremely “small as ; compared to 
eJ — —» Deflected the size of the atom (— 10719 m). 
| ape b. TI itive ch the nucleus is due to protons 
Deflected a-particle . The positive charge on the nucleus 18 Cue to p 
(b) Schematic molecular view of gold foil c. The nucleus is surrounded by electrons, which move around 
Fig. 4.7 Schematic view of Rutherford's scattering experiment. the nucleus with a very high speed in circular paths called 
When a beam of alpha (a) particles is shot at a thin orbits. Thus, Rutherford's model of atom resembles.the solar 
gold foil, most of them pass through without much system in which the nucleus plays th the role of the sun and 
effect. Some, however, are deflected 


the electrons play the role of revolving “planets. 


. Electrons and nucleus are held together by electrostatic 


forces of attraction. 


Br p d ~ a . 1 
ipei around the foil to detect the deflection suffered E Total negative charge on the electrons is equal_to the total 
T rie Whenever a Gcpatticle struck the screen, a tiny positive charge on the nucleus. As a result, the atom on the 
flash of light was produced at that point. whole is electrically neutral. 

Rutherford observed that [ 


. Most of the space inside an atom is empty. 
a. Most of the a-particles (~ 99%) passed through the gold g. The centrifugal force arising due to the high speed of an 
ioil'übdeflected. electron balances the coulombic force of attraction of the 


b. A small fraction of the o-particles was deflected by small nucleus, and the electron remains in its path. 


angles. | | | The Rutherford model of atom can be compared with the 
C. A very few o-particles (1 in 20,000) bounced back, that is, solar system. In an atom, electrons revolve around the nucleus 
they were deflected by nearly 180°. i 


| | in the same way as the planets revolve around the sun. Due to 
" These results of scattering experiment were quite unexpected. this comparison, revolving electrons S are sometimes less called 
ese observations could not be explained by Thomson's model. 


planetary electrons and Rutl ford' 
^ | ectror rerford’s s nuclear model of atom is 
ccording to the Thomson model of atom, the mass and charge known as the planetary model il of atom. nam 
- — —[— 


4.16 Physical Chemistry 


A.11 NUCLEAR STABILITY AND THE 
RATIO OF NEUTRONS AND 
PROTONS io of the number 


The stability of a nucleus depends on the rati es 
of neutrons (n) and protons (p) in it. A nucleus E M E 
approximately equal to | is found to be very. stab E i 
ratio of 7 and p is more than 1.5, the nucleus becomes : ` pel 
and radioactive. The atoms having n = p are more stable, but y 

an increase in the atomic number, the number of neutrons goes on 
increasing in comparison to the number of protons. For E 
the value of n/p is about 1 of atoms up to atomic number 20; 
hence, they are more stable. The value of r/p is between 1.5 and 
1.6 for atoms having atomic number above 83; hence, they are 
radioactive. For example. 


n 20 


In „Ct; == 7 1; the nucleus is stable. 
^33 n 143 ana . 
In ,U^; —- m 1.53; the nucleus is unstable and: 
p 2 


the atom is radioactive. 


A12 ATOMIC NUMBER 


In 1913. H.G.J. Moseley carried out an experiment to find out 


the positive charge on the nucleus of an atom. He calculated the 
charge on the nucleus from the frequencies or wavelengths of ihe 
X-rays emitted by different elements. The number of unit positive 
charges on the nucleus of an atom of the element is called the 
atomic number of the element. The presence of positive charge on 
the nucleus is due to the protons in the nucleus, and each proton 
carries one unit positive charge. Therefore, the atomic number of 
an element is equal to the number of protons in the nucleus of its 
atom. As established earlier, the charge on protons is equal but 
Opposite to that of electrons. Hence, the atomic number is also 
equal to the number of electrons in an atom of the element. The 


atomic number is denoted by the letter Z. Thus we have 


Atomic number (Z) = Number of protons in the 
nucleus of an atom 
= Number of electrons in 
a neutral atom 


A.13.MASS NUMBER 


The mass of an atom is mainly concentrated in the nucleus. As 
discussed earlier, protons and neutrons present in the nucleus are 
collectively known as nucleons. Thus, it follows that the mass 
of an atom is mainly due to protons and neutrons. It is generally 
represented by the letter 4. — 
Mass number (A) = Number of protons 
* Number of neutrons 


— Number of nucleons 
The mass number and atomic number of an element are 
generally represented as shown below: 


— 
— 


4 


p — 


Mass 
number (A) 


€«— — ——— Symbol of the elemen, 


Atomic 
number (Z) 


14 ISOTOPES, ISOBARS, ISOTONES 


ISOELECTRONIC IONS | 


ay Isotopes: All atoms of a particular element have the same 

number of protons in their nuclei; however, the number 

of neutrons may be different. Such atoms have the Same 

atomic number but different mass numbers and are known 
as isotopes of the element. Thus, atoms of the same elemen 
having the same atomic number but different atomic mas; 
are called isotopes. For example, carbon has three Isotopes 
represented by C^, C3, and «C. All of them have the 
same atomic number, i.e. 6; however, their atomic mass are 
12, 13, and 14, respectively. Similarly, hydrogen has three 
isotopes: protium (H), deuterium (D), and tritium (T), Aj 
of them have atomic number 1; their mass numbers are l, 
2, and 3, respectively. 


b. Isobars: The atoms of different elements which have the 
same atomic mass number are called isobars. Isobars have 
different number of protons as well as neutrons, but the sum 


of protons and neutrons is same. For example, 


Atomic mass of three elements aan”, jo. Ca" is 


pAr” gK” ea” 
Proton 18 19 20 
Neutron 22 21 20 


Similarly, ,C!* and „N!4 are isobars. 


e Isotones: Some atoms of different elements contain the same 
number of neutrons. Such atoms are known as isotones. 
Thus, isotones may be defined as atoms of different elements 
having the same number of neutrons. For example, 


uS? Ti T3 
Proton 14 15 16 
Neutron 16 16 16 


All three atoms have the same number of neutrons. 


d, Tons: Atoms are heutral species containing an equal 
number of positive ch 


| arges (protons) and negative charges 
(electrons). When an atom losses electron, it is converted 
into à cation. It has excess of positive charge equal to the 
number of electrons lost. It is converted into an anion on 
gaining electron. In this case, the atom acquires negative 
charge equal to the number of electrons gained. For example. 


?) 


TW? Mg CHAP 
Proton ll 12 13 
Neutron 10 10 10 


€Asoelectronic ions: The ions of different elements may 
contain the same number of electrons. These ions are B 
MENT diva aiiaca ve in which 

as isoelectronic ions. Thus, the chemical species In whic 


are called isoclectro 


the number of electrons js same 


species. For example, nic 
Number of electrons 2 ) 9 
In all the three tons, the number of electrons is same: 


hence, they are isoelectronic, 
f. Isodiaphers: Atoms having the same difference of neutrons 


and protons, 1.¢., (7 — p), or the same isotopic numbers are 
called isodiaphers. 


The nuclides and their decay products after an emission 
are also called isodiaphers. For example 
Z4m -Za vy „B” -4 


. Isosters: Molecules having the same number of atoms 
and the same number of electrons are called isosters For 
example, CO, and N,O are isosters, 


"2 


"Calculate the number of protons, neutrons and electrons in Bro 
in the following species: 


Sol. Z = 35, Á = 80, species is neutral. 


Number of protons = number of electrons = Z = 35. 
Number of neutrons = 80 — 35 = 45 


Give an isobar, isotone, and isotope of ,C!*. 
(Sa) Isobar of ,C'^ is -N™. 
Isotone of ,C!^ is ,0'°. 


Isotope of ,C!^ is ,C?*. 


The number of electrons, protons and neutrons in a species are 
equal to 18, 16 and 16 respectively. Assign the proper symbol 
to the species 


(So. Z = 16, The element is sulphur (S) 
Atomic mass number = number of protons + number of 
neutrons = 16 + 16 = 32 
Species is not neutral as the number of protons is not equal 
to electrons. It is negatively charge equal to excess electrons 
= 18-16=2. 
Symbol is 72S? 


If the atomic weight of Zn is 70, and its atomic number is 30, 
then what will be the atomic weight of Zn?*? 


‘Sol, In the formation of Zn?' from Zn, two electrons are 
removed. The number of protons and neutrons remains 
unchanged; hence, the atomic weight of Zn?" will be 70, 


) — AN 
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The mass numbers of three isotopes of an clement arc 10, 12. 
and 14 units. Their percentage abundance is 80, 15, and 5, 
respectively, What is the atomic weight of the element? 
The percentage abundances of isotopes are 80, 15, and 5. 
Thus their ratio is 16 : 3 : 1. 
Total of the ratio = 16 + 3 + 1 = 20 
% abundance x Atomic number 
abundance x Atomic Tomo 
Total of ratio 
16 - x234]4x1 
10x16 12x37 9X* 10,5 


20 
Thus, the average atomic weight is 10.5 unit. 


Average weight = 


Average weight = 


el- The pair NH, and BH, is isoelectronic with 
a. BH. b, CH, c. C,H, d. CO, 
I}. In Rutherford’s scattering experiment, which of the 
following does not happen? 
a. Most of the o-rays pass through without deflection. 
b. A few o-particles pass through the nucleus. 
c. A few a-particles are deflected back. 
d. o-particles going near the nucleus are slightly deflected. 
III. When alpha particles are sent through a thin metal foil, most 
of them go straight through the foil because 
a. Alpha particles are much heavier than electron. 
b. Alpha particles are positively charged. 
c. Alpha particles move with high velocity. 
a. Most part of the atom is empty. 
IV. Which of the following statements about proton is correct? 
a. Proton is the nucleus of deuterium. 
b. Proton is an o-particle. 
c. Proton is an ionised hydrogen molecule. 
d. Proton is ionised hydrogen. 
V. Rutherford's experiment, which established the nuclear 
model of atom, used a beam of 


a. B-Particles, which impinged on a metal foil and got 


absorbed 

b. y-Rays, which impinged on a metal foil and ejected 
electrons 

c. Helium atoms, which impinged on a metal foil and got 
scattered 

d, Helium nuclei, which impinged on a metal foil and got 
scattered 


Vle Which of the following shows an increasing value of e/m? 
an<a<p<e bn<p<a<e 

en<p<e<a d.p<n<a<e 

VI. From the o-particle scattering experiment, Rutherford 

concluded that 

a. O-Particles can come within a distance of the order of 
107 m of the nucleus 


b. The radius of the nucleus is less than 10. m 


COo n . ə 
a INI PAV NS hewmstiy - MEL sena Atomic mass ] 5.9936 1 7 0036 
' srofneutrons 16-8=8 17-8=9 
So Neattering follows coulomb's law " a. Number of ! aes 7-9=3 
ly charged parts of the atom move with b. Number of protons 16-8- 
ue ok h ; Seales (Mass number — Number of neutrons) 
extremely high ve à 
e rays - of S 8 
Vlll, Which of the following statements regarding cathode ray c. Number of electron : 
l d. Mass number 16 


ix not correct? 

n, Cathode rays originate from the cathode 

b. The charge and mass of the particles constituting cathode 
rays depend upon the nature of the gas 


c. The charge and mass of the particles present does not 


depend upon the material of the cathode F 
d. The charge/mass ratio of the particles is much greater 
than that of anode rays. 


= . Inthe pair NH, and BH,, the atomic number is 7+3+5 
+3 = 18. The atomic number is equal to the number of 
protons and the number of electrons. A C,H, molecule 
has the atomic number 18, which is equal to that of NH, 
and BH,. Thus, C,H, is isoelectronic with NH, and BH,. 
a.-particles does not pass through the nucleus because 
the nucleus is heavy. 

Most part of the atoms is empty 


II. b. 


III. d. 
IV. d. 
V. d. 


Proton is ionised hydrogen. 
Helium nuclei, which impinged on a metal foil and got 
scattered. 
VI. a. n «a «p«e 
VII. (a, b, c) 
VIII. b. Thecharge and mass ofthe particles constituting cathode 
rays depend upon the nature of the gas. 


MO NU. fae aes UIT n 
y 


Oxygen consists of isotopes O!6, O17, and O!8, and carbon 
consists of isotopes C? and CP. How many types of CO, 
molecules can be formed? Also report their molecular WEEDS 


L Total number of molecules or CO, — 12 


Types of molecules Moelcular weight 


1. C!20!60!6 44 
2 C2077017 46 
3. C12018018 48 
4 C12016917 45 
5, C1201608 46 

C120!7918 47 


Similarly, six molecules with CP? isotopes can be found. 


The atomic masses of two isotopes of O are 15.9936 and 
17.0036. Calculate in each atom 


a. Number of neutrons b. Number of protons 


c. Number of electrons d. Mass number 


Second isotope 
of O 


First isotope 
of O 


-———- on ata j ae 
ILLUSTRA RA AN TION 4 ae AY 
Naturally occurring boron consists of two isotopes whose 


atomic weights are 10.01 and 11.01. The atomic weight of 
natural boron is 10.81. Calculate the percentage of each isotope 


in natural boron. 


“Sol. ) Let the percentage of isotope with atomic weight 10.0] 


be x. 
So the percentage of isotope with atomic weight 11.01 will 
be 100 — x. 

mx, + mx» 
Average atomic weight = ————— —- 

| xx10.01 & (100 — x)x11.01 
100 

10. g1 = 7% 1001+000- 3)«1101 _ 49 


100 
. % of isotope with atomic weight 10.01 = 20 


% of isotope with atomic weight 11.01 = 100 —x = 80 
"m MIURA REECE SN OEN AA 


ILLU ISTRATION 7 


~What will be the difference in the mass number if the number 
of neutrons is halved and the number of electrons is doubled 
in Kos. J 


a. 25% decrease b. 50% increase 


c. 15095 increase d. No difference 


a. ¿0'6 Initial weight-final weight 


Protons 8p > 8p 
_ Neutrons 8n = An 
Weight 16 > 12 


Thus decrease in mass number = 25% 


The ı mass sof 1 py of tarde is 


a.0.55 mg  b.1.0008g c. 1.000 g  d.0l84g 


a. The number of electrons in one mole — Avogadro number 
= 6.023 x 102 
Mass of one electron = 9,1 x 10-28 g 
Therefore, mass of 6.023 x 1023 electrons is 
- 9. | x 1075 x 6.023 x 102 = 0.55 mg 


4 r) Ka tee " C meo AT 
hordes IST T T RAT 


ION i (4.14 


AM 


M 
In two elements z; and z; Bs M, * M, and Z #2, but 


M,-Z,7 M,-Z. These elements are 


a. Isotonic b. Isobaric cœ. Isotopic d. Isoprotonic 


«o. 


P 


[So a. M, — Atomic weight Z, = Atomic number 
In isobars M, = M, and in isotopes Z, = Z}. 


In isotones (isoneutronic elements -Z = 
ents) M, - Z, = M, - Z, 


EEN EAN TON - 1 V 
X5 TRATIONM &. is 
Lu SERA x 


awe nuclides A and B are isoneutronic. Their mass numbers are 
76 and 77, respectively. If the atomic number of A is 32, then 
the atomic number of B will be 


a. 33 b. 34 c. 32 d. 30 


| Protons Protons + Neutrons = 77 
Protons + Neutrons =76 | Neutrons = 44 
Neutrons = 44 | Protons = 33 


What is the percentage of deuterium in heavy water? 
a. 20% b. 80% c. 60% d. 40% 


(Sol a. Deuterium in 20 parts of D,O = 4 parts 


Deuterium in 100 parts of D,O = = x 100 = 20% 


which of the following pairs consists of molecules having the 
! same mass number? 


a. H,O and DO 
c. DjO and HTO 


b. H,O and HTO 
d. D,O and HCI 


c. Mass number of H,O = 18 
Mass number of D,O = 20 
Mass number of HTO = 20 
Mass number of HCl = 36.5 


The mass number of three isotopes of an element are 11, 12, 
and 13 units. Their percentage abundances 80, 15, and 5, 
respectively. What is the atomic weight of the element? 


a. 11:25 b. 20 c. 16 d. 10 
(Soi a.80:15:5 

Thus, the ratio is 16 : 3 : 1. 

Total = 16+3+1=20 


11x16*12x3*13x1 _ 1) 95 
20 


Average weight = 


Atomic Structure 4.19 


Il. The isoelectronic pair of 32 clectrons is 
a. BO, and CO,’ b. N, and CO 
c, PO, and CO,’ d. All of the above 
Ul. Which of the following is a one-electron specics? 
| s. He b. N c. H, d. N, | 
IV. he molecular weight of an oxide of nitrogen is 30. What 1$ 
the number of electrons in it? 
a. 15 b. 30 c. 45 d. 20 
. A diapositive ion has 16 protons. What is the number of 
electrons in its tetrapositive ion? 
a. 16 b. 14 e. 12 
VI. If the atomic weights of C and Si are 12 
then what is the ratio of the numbers O 
a.1:2 b.2:3 c.3:4 


NS 


d. 10 
and 28, respectively. 
f neutrons in them? 


d. 3 27 


L a. The numbers of neutrons are different in the i 
the same element. 
II. a. BO,” co,” 
§+24+3=32 6+24+2 = 32 
III. c. There is only one electron in fG. 
IV. a. The molecular weight of NO is 
V. c. X?* has 16 protons, then 
in X, there are 16 protons and 16 electrons 
in X2*, there are 16 protons and 14 electrons 
in X^*, there are 16 protons and 12 electrons 


VI. a. Number of neutrons in C^ =12-6=6 
Number of neutrons in , PS a =28-14=14 


The ratio of the numbers of neutrons in C and Si is 
6:14 0r3: 7. 
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Calculate the density of fluorine nucleus supposing that the 
shape of the nucleus is spherical and its radius is 51g. 


(Mass of F = 19 amu) 
| Sol. ) Mass of the nucleus of F atom = 19 x 1.66 x 10? g 


(1 amu = 1.660 x 107? g) 


Volume of the nucleus of F atom = zar 


4 


= 525 x 107? cn? 


Density of the nucleus of F atom = ues 


Volume 


sotopes of 


30. It will have 15 electrons. 


Br 3.14 (5x10 Py 


525 x10? cen? 


= 6.0 x 109 g cm? 


‘L If two neutrons are added to an element X, then it will get 
converted to its 


æ Isotope 
c. Isobar 


b. Isotone 
d. None of the above 


Calculate: 
a. The number of electrons which will together weigh 
lg. 
b. The mass of 1 mol of electrons. 
€. The charge of 1 mol of electrons. 


a. 9.1 x 1075 g is the mass of 1 electron. 
1x] 
9.1x107* 

b. 1 mol of electrons = 6.02 x 1023 
Mass of | electron = 9.1 x 108 g 
Mass of 6.02 x 10? electrons 
= 6.02 x 102 x 9.1 x 10728 
-5478 x 104 g 
c. 1 mol of electrons = 6.02 x 10? electrons 
Charge of electron = 1.60 x 10-1? C 
Charge of 6.02 x 10?8 electrons 
= 1.60 x 1071? x 6.02 x 103 C 
= 9.632 x 10* C 


Nitrogen atom has atomic number 7 and oxygen has atomic 
number &. Calculate the total number of electrons in nitrate ion. 


1 g is the mass of = 1.09 x 10?" electrons 


JLLUSTRATION 4 


Formula of nitrate ion — NO,° 
Number of electrons in NO,°= Electrons in N 


+3 x electrons in O 
+1 (due to negative 
charge) 


=7+3x8+1=32 
seem ce ee ne a 
4.15 DRAWBACKS OF RUTHERFORD 
MODEL 


The Rutherford nuclear model of atom is like a small-scale solar 

system with the nucleus playing the role of the massive sun and 
the electrons being similar to the lighter planets. The similarity 
between the solar system and the nuclear model suggests that 
electrons should move around the nucleus in well-defined orbits. 
However, when a body moves in an orbit, it undergoes acceleration. 
According to the electromagnetic theory of Maxwell, charged 
particles when accélerated emit radiation, (This feature does not 
exist for planets since they are uncharged.) Therefore, an electron 
in an orbit will emit radiation; the energy carried by radiation 
comes from electronic motion. The orbit will thus continue to 
shrink, due to which the electron would ultimately plunge into 
the nucleus, as shown in Fig. 4.8. 


Nucleus 


Fig. 4.8 An electron emitting energy and plunging into nucleus 


Calculations show that it should take an electron only 
1075 s to spiral into the nucleus. This means an atom should 
collapse, but this does not happen. Thus, Rutherford s model Jailed 
to explain the stability of an atom. 

Another serious drawback of the Rutherford model is tha 
it does not explain the electronic structure of atoms, i.e., how 
electrons are distributed around the nucleus and"what are the 
energies of these electrons. Rutherford s model also failed to 
explain the existence of certain definite lines in the hydrogen 
spectrum. If an electron moving around the nucleus continuously 
emits energy, then the atomic spectrum must be continuous. ; : 
the spectrum should not have lines of definite frequency. However, 
the atomic spectrum is actually not continuous, and it possesses 
so many lines of definite frequency. 


4.16 NATURE OF ELECTROMAGNETIC 
RADIATIONS 


4.16.1 WAVE NATURE OF ELECTROMAGNETIC 
RADIATIONS 


behaviour of electrical and magnetic fields on the macroscopic 
level. He suggested that when an electrically charged particle 


moves under acceleration, alternating electrical and magnetic fields 
are produced and transmitted. These fields are transmitted in the 
forms of waves called electromagnetic waves or electromagnetic 
radiations, 


Light is the form of radiation known from early days, and 
speculations about its nature date back to ancient times. In earlier 
days, light was supposed to be made of particles (corpuscles). 
Newton’s corpuscular theory could Successfully explain the 


action and reflection but failed to explain 


corpuscular theory was discarded and was replaced by Maxwell's 
wave theory of light. According to this theory, light is transmitted 
in the form of electromagnetic waves. These waves are associated 
with oscillating electric and magnetic fields. The important 
properties of electromagnetic waves are listed below: 


a. The oscillating electric and magnetic fields produced by 
oscillating charged particles are perpendicular to each other. 
Both are perpendicular to the direction of propagation ol 


the wave. A simplified picture of 
nce a , 
js shown in Fig. 4.9. : electromagnetic wave 


Electric field 
component 


CT 
~ 


— x Direction of 
Magnetic field — ~~~. ~ Propagation 
component “ae 


Fig. 4-9 The electric and magnetic field components of 
electromagnetic wave. These components have the ial 
wavelength, frequency, speed, and amplitude, but th 
vibrate in two mutually perpendicular planes 7 


p. Unlike sound waves or water waves, electromagnetic waves 
do not require a medium and can move in vacuum 


Different kinds of units are used to characterise 
electromagnetic radiations. 


i Wavelength: It is defined as the distance between.two 


neighbouring crests or troughs of a wave as shown in 


ig. 4.10. Wavelength 1s represented by the Greek letter 


À (lambda) and is generally measured in angstrom (A) 
or nanometre (nm). 


1 À 21071? m 


Fig. 4.10 Propagation of wave motion 


vi. 
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ii. Frequency: The number of waves which pass through a 
particular point in one second is defined as the frequency 
Of wave motion. It is represented by the Greek letter v 
(nu). The SI unit for frequency (v) is hertz (Hz) after 
Heinrich Hertz. 
Cycles per second (cps) or hertz (Hz) 
l cps = 1 Hz 
| kHz = 10 Hz 
| MHz = 10° Hz 
iii. Velocity: The distance travelled by a wave in one second 
is called the velocity of the wave. It is represented by the 
letter c. The frequency (v), wavelength (7.), and velocity 
of light (c) are related by the equation 
c7 vA 
In vacuum, all types of electromagnetic radiations, 
regardless of wavelength, travel at the same speed, 1.€., 
3.0 x 108 m s-!. This is called the speed of light. 

iv. Wavenumber: It may be defined as the number of 
wavelengths per unit length. Tt is equal to the inverse of 
wavelength. It is denoted by v . Its unit is the reciprocal 
of the wavelength unit, i.e., m™. 

L lI v 
v zoe 
A. C 

v. Amplitude: It is the height of a crest or depth of a trough 
of a wave. It is denoted by the letter A. The amplitude 
of a wave determines the intensity of radiation. 

Electromagnetic spectrum: It is now well established that 

there are many types of electromagnetic radiations which 

differ from one another in wavelength or frequency. These 
constitute electromagnetic spectrum (Fig. 4.11). Different 
regions of the spectrum are identified by different names. 
Some examples are follows: radio frequency region around 
10° Hz, used for broadcasting; microwave region around 
10!° Hz, used for radar; infrared region around 10! Hz, used 
for heating; ultraviolet region around 10/6 Hz, a component 
of sun's radiation. The small portion around 10!° Hz is what 
is ordinarily called visible light. It is only this part which our 
eyes can see (or detect). Special instruments are required to 


detect invisible radiation. 


— Increasing wavelength ———> 


10% 1022 1020 1078 1916 104 102 


(a) | Cosmic Microwave | FM 


Violet 


(b) 


KA) 4000 4300 4500 4900 5500 


Decreasing frequency ———» 


10 8 6 4 2 0 
10 10 10 10 10 10 y, (Hz) 


5900 6500 7500 A 


Fig. 4.11 (a) The spectrum of electromagnetic radiation and (b) the visible spectrum 


Various types of electromagnetic radiations have differe 


Table 4.3 Some applications of electromagnetic waves 


nt energies and are being used for different applications as listed in Table 43 


| Name | Frequency (Hz) Renna Zz. 
Gamma rays 10% to 10?! w a —— . Cancer treatracnt B 
BE SS. | 10" to 10?! 10-10 i Medical ‘pictures’, material testing l 
Ultraviolet | 1015 to 1016 TE p E 
mm Visible l 7 | 10H to 1014 10-5 Illumination E 
infrared — Oto 108 —— |. 1074 Heating 
Microwave 10? to 10"! 102 Cooking radar 7 
Radio frequency 105 to 108 T 102 Signal transmission | 


4.17 MOSELEY'S EXPERIMENT 


Roentgen obtained a new type of electromagnetic radiation when 
a target material (anti-cathode) was placed in the path of cathode 
ravs. These electromagnetic radiations were called X-rays. 


Cathode 
o 


To vacuum 
X-rays 


Fig. 4.12 
By using different X-ray tubes provided with anti-cathodes 


of different materials. Moseley was able to take the spectrum 
of X-rays in each case. It was observed that the wavelengths of 
X-rays were the characteristic of each element. The characteristic 
X-ray spectrum consists of discrete spectral lines which can be 
grouped into K-series, L-series, M-series, etc. 


4.17.1 ANALYSIS OF THE RESULT 
It was suggested by Moseley that the fast-moving cathode rays 


were able to remove electrons from the inner orbits (i.e., K, d 
M, eic.) of an atom of anti-cathode due to collision. This creates 
vacancy in the inner shells. Under the influence of nuclear charges 
electrons from higher shells fall in those shells. 


Ka le Ma 


Jv x 10° 


Z— 
Fig. 4.13 


Moseley showed that the square root of the frequency (Vv ) 
of a spectral line is strictly related to the nuclear charge (Z) if the 
excitation potentia] is fixed. 

When a graph is plotted between Jv x10* and the atomic 
number (Z), a straight line is obtained. 

The results obtained led to the suggestion that Jv must 
be directly proportional to the atomic number of an clement (Z). 


Jv eZ 
To give accurate results, Moseley modifi 


Jv « (Z - b) 


where 6 is a constant and is known as the screening constant. For 


Ky and Ks lines, b = 1. 
Hence, Vv œ a(Z - 1) (i) 


where a is the proportionality constant. 
This equation is very useful for the calculation of Z if the 


frequency of K, and K, lines are known. 


ed this equation as 


Hence, on combining the result, we get the square root of 


frequency as Jv - a(Z — b) 


he Vividh Bharti station of All India Radio, Delhi, broadcasts on 

a frequency of 1.368 kHz (kilohertz). Calculate the wavelength 
of the electro-magnetic radiation emitted by transmitter. Which 
part of electromagnetic spectrum does it belong to? 


c 3.00 x 10° ms! 
vy 1368kHz 
_ 3.00 x 105 ms”! 
1368 x 10° s7! 
= 219.3m 
This is a characteristic radiowave wavelength. 


Y -4 AAi TS ; ACIN ASAAN ENN > 
ALLUSTRATION 4.24. 
The wavelength range of the visible spectrum extends from 


violet (400 nm) to red (750 nm). Express these wavelength in 
frequencies (Hz). (1 nm = 10? m). 


| Sol, ) Frequency of violet light is: 
3.00 x 105 ms"! 
400 x 10^ m 
Frequency of red light is: 
C 3.00 x 10° ms! 


v= =, — = 4.00 x 10" H: 
X^ 750x102 m x 10 Hz 


C 
x = 7.50 x 10" Hz 


The range of visible spectrum " 
1014 Hz in terms of freque 


fucBTRATION 4.28. 


calculate (u) wavenumber and (b) fre 
ing wavelength 5800 A, 


from 4,0 x 10] 
r 4 A lo ,5 x 
NCY units, IE 


quency of yellow radiation 2 


hav 
a. 


oa, Calculation of wave number (v) j 


A = S800 A © 5800 x 10 em 
S800 x 10 10 m 


| 4. 

Y e PE l uM b. 
A 5800x10 m 

-1.724 x 10^ m! c 

d, 


=1.724 x lo^ em”! 


b. Calculation of the frequency (v) 


Aa —— 0 o0 O ĖS 
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L Of the following, the radiation having the maximum 
wavelength is 


UV rays b, Radiowaves e, X-rays d. IR rays 


Out of the following the radiation with lowest frequency is 


b. 7-Rays 
d. Microwaves 


IR rays 
Cosmic rays 


Which of the following statements about the electromagnetic 
spectrum is not correct? 


IR radiations have larger wavelength than cosmic rays. 
The frequency of microwaves is less than that of 


UV rays. 
X-rays have larger wavenumber than microwaves. 
The velocity of X-rays is more than that of microwaves. 


. Radiowaves 


c 3xl0 ms"! 
= rum 5800 x 10 I9 m II. d. Microwaves 
à LJ . L4 
Vii III. d. The velocity of X-rays 1s more than that of microwaves. 
z5.172 x 104 g7! " FE EIT LT 
ILLUSTRATION 4.29. 


is 12 x 10!^ cycles per second and e =3 x 108 ms!? 


(SUL) Velocity of radiation = 3 x 108 m s! 


Frequency of radiation = 12 x 10!° Hz 


3 x108 
12 x 10!6 


;. Wavelength (A) = E 
y 


-0.25 x 105 m 
0r 22.5* 10? m 


STATION 4.27 


L A photon in X region is more energetic than in the visible 
region; X is 

b. UV rays 

d. Radiowavgs 


a. IR rays 
c. Microwaves 


IJ. The coloured radiation with lowest energy is 
3. Red b. Blue 
c. Green d. Yellow b. 
III. Moseley’s equation for the determination of wavelength of " 
X-rays is (v = frequency of wave, Z = nuclear charge, a and , 


b are constants) 
a. Vv - (Z - ab) 
c v= a(Z = b) 


I. b. UV 
II. a. Red 


II. c. Jv =a(Z - b) 


b.v-a(Z- b) 
d. v = (Z- ab) 


The mass-charge ratio for A? 
the mass of A atom. 


m= 


LEY ee LL 
1 JA 


ion is 1.97 x 107 kg Ct. Calculate 


TEER) Given 1.97 10 (since e = 1.602 x 10 C) 
e 
m= 197 x 107 x 1.602 x 1077? kg 


3.16 x 1076 kg 


A A yi 


ITD 
Anes hs SE 3 
ALA 4 4 9 a 5 


J- Atomic radius is of the order of 10-8 cm and nuclear radius 

" is of the order of 10-? cm. What fraction of an atom is 
occupied by nucleus? 

. Nuclear radius is of the order of 107? cm, while atomic 
radius is of the order of 10-8 cm. Assuming the nucleus anc 
the atom to be spherical, what fraction of the atomic volume 
is occupied by the nucleus? 

. The ratio e/m, i.e., specific charge, for a cathode ray 


Has the smallest value when the discharge tube is fillec 
with H,. 

Ts constant. 

Varies with the atomic number of gas in the discharg: 
tube. 

Varies with the atomic number of an element formin; 
the cathode. 


I. Volume of nucleus = snr = Saqo” F cm? 


Volume of atom = Sao y cm? 


WAN MYR AL CHAR RD 


bare PROC 
Ny 
NILES ^ ANNOS 


c. The variation of heat capacity of solids as a function „p 


i temperature. ‘aia 
i : A ce to hydr 
Neckar (Ou ë 31 i 2497 d. Line spectra of atoms with special referen ydrogen 
UT m ~~ x Mg x E q S3 ~ 
ond an 4.19 BLACK BODY RADIATION 
UL The nine is constant. In 1900, Max Planck was the first to give a in rini. | 
for the phenomenon of black body radiation. E to the 
*.18 PARTICLE NATURE OF 


Max Planck theory, an ideal body is a perfect absorber and perfec 


ELECTROMAGNETIC RADIATIONS: pen radiation an : ied DUM UNI. ph 
Xi Ru QUE FNL IIT AA A emitted by such a DO IS calle 
PLANCK'S QUANTUM THEORY 


body is heated, it emits radiation over a wide range of wavelengths 
For example, when an iron rod is heated in a furnace, it first 
turns to dull red and then progressively becomes more and more 


->s wave theory of radiation could successfully explain the 


>osnomena of reflection, refraction, dispersion, diffraction and 


. = h , ting further, the radiatio 
Interference. red as the temperature increases. cm ie r mE n 
, j then blue as es 
z - - - i iki itted becomes white and l ie 
Note: i. Reflection: It is reflecting of wave after striking on ien high. In terms of frequency, it means E the radiation 
some surface. - dc c perea tana EOT requency as the 
ii. Refraction: It is bending of wave when it passes from emitted goes from a lower frequency gh 


one medium to another. 
ii. Dispersion: It is splitting of group of waves into 
different waves when it passes through a prism. 


iv. Diffraction: It is the bending of wave around an obstacle of the emitted radiation (i.e., intensity versus frequency curve of 


temperature increases. The red colour lies in the lower frequency 
region while the blue colour belongs to the higher frequency region 


ee m f the radiation) from a black body depends only on its temperature, 
v. Interference: It is the E ied jd is Bie. 3 Ata given temperature, the intensity of radiation = m 
i es - . 
E apros RE b ke s the vector with a decrease in wavelength, reaches a maximum value at a Biven 
ou. eiii dr QUA i cd length, and then starts decreasing with further decrease in 
sum of disturbances at that point resulting from each wavelength, ign 
interfering wave wavelength, as shown in Fig. 4.14. 


When two waves of same phases overlap each other 
it is called constructive interference. When two waves 


of opposite phases overlap it is called destructive TT, 
interference. 


__ 4— Resultant wave 
- S 


Wave I] 
Wave I 


Constructive interference due to waves in same phases 


—— ———5 Intensity 
d 


Wave | 


Resultant wave 


| 


1000 2000 3000 
———> Wavelength À (nm) 


Fig. 4.14 Wavelength-intensity relationship 


The above experimental results cannot be explained 


Destructive interference due to waves in opposite phase a dn e basis of the wave theory of light. In 1900, | 
| > Max Planck provided an explanation for this behaviour. He said 
fy Co . i 
However, following are some of the observations which could  , 5s ams and molecules could emit (or absorb) energy only in 
not be explained with the help of the electromagnetic theory: ne 5 pes € i $ " oe ta Legg uas uate 
b uu Ll RAST VIE. 4.15) as was believed till then. Planck gave the nam 
a. Black body radiation, 1.¢., the nature of emission of radiation | quum the smallest 
from hot bodies. 


<a Smallest quantity of energy that can be emitted (0! 
absorbed) In the form of electromagnetic radiation. The energy 


b. Photoelectric effect, i.e., the ejection of electrons from metal, of a quantum of radiation is Proportional to its frequency and i5 


surface when radiation strikes it. expressed as 


O O OoOo 


EDU ce. eee | 


pz^v or E X =hev | a - E Atomic Structure 4.25 
The ratio of E, and E, is 


yhere v = frequency | 
\ | 


V = wavenumber | a Clot Uae 2 
A = wavelength E, 3313x107? ] 
c = velocity "ss 2E, 


The proportionality Constant, A, i 
constant and has the value 6,626 x 1034) 
iheory. energy is always emitted in inte 
example hy, 2hv, 3hv, etc. Planck, ho 


ppc » Could not ai 
why energies should be quantised in this manner, However dem ‘Sol PM 
this assumption, Planck could explain the distribution of inte ies = (6.626 x 10^ Js) (5 x 10!4 s! 
in radiation from a black body as a ensity l 5) ( d 


Jı s function of ' 
wavelength at different temperatures. regheney or THART 


s, According to Planck’s Calculate energy of one mole of photons of radiation whose 
gral multiples of hv, for frequency as 5 x 10!4 Hy 


Energy of one mole of photons 
= (3.313 x 107? J) (6.022 x 102? mor!) 
“vr J] M> = 199.51 kJ mol! 


ey oW 
ETON, WE 
i 2 A 100 Watt bulb emits monochromatic light of wavelength 


i H * kn 400 nm. Calculate the number of photons emitted per second 
B by the bulb. 


Fig. 4.15 Heated iron ball emitting energy in discrete quantities 
Sol: Power of the bulb = 100 watt 


The assumptions of Planck’s theory are listed below: 


ond = 100 Jsx ^ 
a. Each radiation is always associated with a definite amount Pheny of one plots: 
of energy and is known as radiant energy. al suc A i 
. . " = AV = NC 
b. Radiant energy is emitted or absorbed discontinuously in T "T 
the form of small packets of energy called quanta. 9626x107 Js x : x10 ms 
Each wave packet or quantum is associated with a definite 400 x10 m 
amount of energy. In case of light, the quantum of energy - 4.969 x 109] 


is called phoron. Number of photon emitted 


c. The amount of energy associated with a quantum of radiation -1 
i rtional to the fr f radiati EE = 2.012 x 1079s"! 
A onal to the frequency of radiation. 4969x109] ^ ^ 
« v 


eas 
À 


d. The energy emitted or absorbed by a body is always an . 
integral multiple of quanta, i.e., E = nhv, where n = 1, 2, 3, 
... etc. Sol.) Energy emitted by sodium lamp in 1 s. 
7777 LYNE, = Watt x second = 60 x 1 J 


sodium lamp (A of photon = 5893 A) 


TNNT hc 
"Calculate and compare the energies of two radiations, one with Energy of photon emitted = " 


a wavel ther with 600 nm. : 
avelength of 300 nm and the other wi E 6.626 x 10734 x 3x 108 


h 
Sol, | Energy of radiation (E) = hv = - 5893 x 10? 
= -19 
op _ he _6.626x10™ Jsx3x10 ms” 7337x107] 
DIL | —— = 80 
hy 300 x 10° m "^. Number of photons emitted per second aaa 
` " X 
- x 10-19 
B odd k "TP" -. Number of photons emitted in 10 hours 
and poe QN HC = 17.8 x 10!9 x 10 x 60 x 60 
^2 ee = 641 x 10% 


*52:313X]0**] 


4.26 


| 


V 


Maysical Chemistry 


ILLUSTRATION 4.35. 


An Electromagnetic radiation of wave-length 242 nm is just 
sufficient to ionise a sodium atom. Calculate the ionisation 
energy of sodium in kJ mol". 


|Sok ^ Energy associated with a photon of 242 nm 


_ 6.625 x 10^ x 3.0 x 10" 

" 242 x 10? 

-821 x 107? J 
Since one atom of Na requires = 8.21 * | 
6.023 x 1023 atoms of Na for ionisation requires 


821 x 107? x 6.023 x 10°23 = 49.45 x 10^ J 
= 494.5 kJ mol"! 


10-1? J for ionisation, 


== - 


ATION 4.36 
A bulb emits light of wavelength 4500 A. The bulb is rated as 
150 W and 8% of the energy is emitted as light. How many 
photons are emitted by the bulb per second? 

A 150 W bulb emits 150 J of energy per second. 

] The energy emitted by the bulb as light is 


ALLUSTR 


8 
150x—-212J 
* 100 


Let the bulb emit n photons per second. 


F hy nhe 
À 


Exk 
n= 
cxh 
|... 12J7x4500x10 7 m 
3x105 ms"! x6.63x107* Js 
= 2.715 x 107? 


LIICECTDATINMN A A7 
-LUSTRATION 4.37. 


Ac 


K Electronic energy is a negative energy because 
a. Electron carries negative charge. 
b. Energy is zero near the nucleus and decreases as the 
distance from the nucleus increases. 


c. Energy is zero at an infinite distance from the nucleus 
and decreases as the electron comes closer to the nucleus. 


d. There are interelectronic repulsions. 


Ik. Which of the following relates to photons both as an wave 
motion and as a stream of particles? 


a. Interference b. E = mc? c. Diffraction d. E — hv 
III. Which of the following is not a characteristic of Planck's 
quantum theory of radiation? 
a. Energy is not absorbed or emitted in whole number 
multiples of quantum. 
b. Radiation is associated with energy. 
c. Radiation is associated with energy emitted or absorbed 
continuously but in the form of small packets called quanta. 
d. The magnitude of energy associated with quantum is 
proportional to frequency. 


Energy is zero at an infinite distance from the nucleus and 
By !: comes closer to the nucley, 


I. a. 
decreases as the electron 


IL. d. E-/v 


III. a. Energy i$ not 
multiples of quantum. 


4.20 PHOTOELECTRIC EFFECT 


iment and observed th, 

: riz performed an experim at 
In date ed iiit of suitable wavelength or frequency i. 
wiens fall on the surface of a metal (such as Cs, K, and Rb), 
allowed to he surface of the metal 4, 


or sjected) from t 
e emitted (or ejecte NP 
ciue Fig 4.16. This phenomenon of emission of electrons is 
uda as photoelectric effect. The electrons emitted are known 
n 


as photoelectrons. 
The results of this ex 


absorbed or emitted in whole nump,, 


periment are as follows: 
Electrons are ejected from the metal surface as soon a; 

: the beam of light strikes the surface, i.e., there is no time 
gap between the striking of light beam and the ejection of 
electrons from the metal surface. 

b. The number of electrons ejected is proportional to the 
intensity or brightness of light. 7 

. For each metal, there isa characteristic minimum frequency, 
vo (also known as threshold frequency), below which 


photoelectric effect is not observed. At a frequency v > v, 
thé ejected electrons come out with certain kinetic energy. 
The kinetic energies of these electrons increase with an 


increase in frequency of the light used. 


Light 


Metal surface 


Detector 


Ammeter 


Fig. 4.16(a) Equipment for studying photoelectric effect; Light of a 
particular frequency strikes a clean metal surface inside 
a vacuum chamber. Electrons are ejected from the metal 
and are counted by a detector, which measures their 
kinetic energies 


hv 


Fig. 4.16 (b) Photoelectric effect 


— 


> 


“all the above results could not be ex 


Plained on the basis of 
» according to which the 
ds upon the brightness of 
electrons ejected and the 

pon the brightness of 
lectrons 
nt light, their 


"mb t . 


ja 


samd doe —7 
S energie 7 
y was Einstein (1905) who explained the photoelectric 

«cL using Planck's quantum theory of electromagnetic radiation. 
ing to him, electrons in metals are held by some attractive 
À a To overcome these forces, a certain minimum amount of 


ony is required, which is characteristic of the metal. 

l This is called photoelectric work function, Wo: To cause 
sition of electrons, the photons of incident light should have 
nergy equal to or greater than this work function. Since from 
quantum theory we know that the nagy of photon is directly 
, roportional to the frequency of radiation, the incident photons 
ould have a certain minimum frequency called threshold 
frequency or critical frequency (v,). 


h= photoelectric work function, W, 


cen 


When a photon of sufficient energy strikes an electron of 
ihe atom of the metal, it transfers its energy instantaneously to the 
electron during the collision, and the electron is ejected without 
any delay. If the photon has energy more than the energy required 
ro remove the electron, then the excess of energy is taken up by the 
slectron as kinetic energy (KE). The greater the energy possessed 
by photon. the greater the transfer of energy to the electron and the 
crater the kinetic energy of the ejected electron. Since the striking 
shoton has energy equal to hv and the minimum energy required 
to eject the electron is hv, (work function W,), the difference 
in energy (hv — hvo) is transferred as the kinetic energy of the 
photoelectron. Following the conservation of energy principle, 
the kinetic energy of the ejected electron is given by 


hv = hv, + KE 


hv = hv,+ — 
2 


where m, is the mass of electron and v is the velocity ofthe ejected 
electron. 


or KE = hv — hv, = h(v - vo) 


Lo hy 


The kinetic energy of photoelectrons is independent of 
tensity because an increase in intensity does not affect the energy 


of photoelectrons. 

The photoelectric work function depends upon the nature of 
the metal. A metal having a higher ionisation energy has a greater 
value of photoelectric work function. The values of photoelectric 
V ‘ , 

‘ork functions of some metals are given below: 
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Table 4.4 Values of work function (W,) of a few metals 


|Na | K |Mg 
23 13225 133 


Cu | Ag | 
4.8 4.3 


In a photoelectric effect experiment, irradiation of a metal with 
light of frequency 5.2 x 10!4 s-! yields electrons with maximum 
kinetic energy 1.3 x 10-1? J. Calculate the threshold frequency 
(vo) for the metal. 


Soh) We know that 
hv = hv, + KE 
KE 
or Vv) = v-— 
h 
KE = 1.3 x 1079 J; v=5.2 x 104s"; 
h — 6.626 x 10-4 J s 
<. Threshold frequency 


13x10? J 


z jMied ol 0 ues 
732x178 7 626x107 Js 


- 5 x 1014 s7! — 1.96 x 104s" 
= 3.24 x 101^ s! 


} NDA SM D RE DA s c) 

d AEN t e P t eL A. T. A 
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Light of wavelength 5000 À falls on a metal surface of work 
function 1.9 eV. Find 
a. The energy of photons. 
b. The kinetic energy of photoelectrons. 
TSO) Wavelength of light (4) = 5000 A=5 x 107 m 
Work function (hv,) = 1.9 eV = 1.9 x 1.6 x 10-7 J 
34x10) 
) in nm = 5 x 107 m/10? nm = 500 nm 
a. Energy of photons 


E= hy E 
À 
_ (6.626 x10 Js) x (3x 105 ms”) 
5x107 m 
-3.97x 10^? J 
-19 
EC d. IN J 2248eV 
16x10 `J 
(~ 1.6x 1079 J 2 1 eV) 
Alternatively 


Using direct relation, we get 


p.t. 1240 eV nm 


À À nm 
= 1248 = 2.48 eV 
500 
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b. Kinetic energy of photoelectrons 


KE = Le 
2 


= hv -hvo 
= (3.97 x 10-1? J) — (3.4 x 10°19 J) 
-57x]029) 


When electromagnetic radiation of wavelength 300 nm falls on 
the surface of sodium, electrons are emitted with a kinetic energy 
of 1.68 x 105 J mol’. What is the minimum energy needed 
to remove an electron from sodium? What is the maximum 
wavelength that will cause a photoelectron to be emitted? 


Wavelength of radiation = 300 x 107? m 
Energy of radiation 
hc 
E = h= r3 
_ 6.626x107* Jsx3x108 m s^! 
E 300x107 m 
= 6.626 x 107? J 
Energy of one mole of photons 
=N; x E (where N, = Avogadro number) 
= 6.022 x 10? x 6.626 x 10-1? J mol”! 
= 3.99 x 10? kJ mor! 
The minimum energy needed to remove one mole of 


electrons from sodium = (3.99 — 1.68) x 105 J mol! = 2.31 
x 10° J mor"! 


The minimum energy for one electron 
2.31 x 10J mor! 
| 6.022 x 10” electrons 
= 3.84 x10] mor! 
t This corresponds to the wavelength 
y, = ŽE _ 6.626 x 10™ Js x 3.0 x 105 ms”! 
E 3.84 x10? J 
This corresponds to green light. 


=517nm 


A photon of 300 nm is absorbed by a gas, which then re-emits 
two photons. One re-emitted photon has a wavelength of 400 
nm. Calculate the energy of the other photon re-emitted out. 

BIDE. - he _6.626x10™ Jsx3x10 ms" 

—À 300x107? m 
= 6.626 x 1071? J 
_ 6.626 x10 Jsx 3x105 m s^! 
400x107? m 


Au 


x 6.626 x10? 


——— Ra 


E. (ETotal E Ej) 
3 l -19 
-19 -l|[2—x6.626x10 7J 
= 6.626x10 «(i z) 4 


= 1.656 x 107? J 


When a certain metal was irradiated with light of frequen, 

4.0 x 10!6 s!, the photoelectrons emitted had three time 

the kinetic energy as the kinetic energy of photoelectron, 
emitted when the metal was irradiated with light of frequen, 

2.0 x 10!6 s. Calculate the critical frequency (v,) of the Metal 
Using Einstein’s photoelectron equation, 

KE = hv — hv = h(v - vo) 

KE, = h(v, - Vo) ali) 
KE, = h(v, — Vo) --(ii) 
Dividing equation (ii) by (1), we get 

KE, _ h(v;-vo) _ V2 = Vo) 


KE, h(V;-Vo) (v- vg) 
But given that 

KE). 

KE, 


V, — Vo 
=> 3v, - v = 3v - Vo = 2vg 
—3x20x10/6—4x 10/6 = 2w, 


16 
> Wa 2x10" 21x19! s7! 


I. Ifthe threshold frequency of a metal for photoelectric effect 

is Vg, then which of the following will not happen? 

a. Ifthe frequency of the incident radiation is Vo, the kinetic 
energy of the electrons ejected is zero. 

b. Ifthe frequency of the incident radiation is v, the kinetic 
energy of the electrons ejected will be hv —hvy. 

c. If the frequency is kept same at v but intensity is 
increased, the number of electrons ejected will increase, 

d. Ifthe frequency of incident radiation is further increased, 
the number of photoelectrons ejected will increase. 

II. The dissociation energy of H, is 430.53 kJ mol"!. If His | 
dissociated by illumination with radiation of wavelength 
253.7 nm, the fraction of the radiant energy which will be 
converted into kinetic energy is given by 
a. 8.86% b. 2.3394 c. 1.3% d. 90% 

III. Light of wavelength A shines on a metal surface with 
intensity X, and the metal emits Y electrons per second 
of average energy Z. What will happen to Y and Z if X's 
doubled? 


Y will be doubled and Z will become half. 
Y will remain same and Z will be doubled. 
Both Y and Z will be doubled. 

Y will be doubled but Z will remain same. 


cud i SS 


If the frequency of incident radiation is further increa- 
sed, the number of photoclectrons ejected will increase. 
hc | 430.53x10  ..— 
oe KE 
À 6.023 x 10 


6.626 x 1074 x 3 x 108 


KE = 
253.7 x 10? 
30.53 x10? 
s NO gjy 
6.023 x 10? 
—20 
z. Fraction = DEDICO —0.088 = 8.86 
x x 


HI. d. When intensity is doubled, the number of electrons 
emitted per second is also doubled, but the average 
energy of photoelectrons emitted remains the same. 


The threshold frequency v, for a metal is 7.0 x 10!^ s~}. Calculate 


the kinetic energy of an electron emitted when radiation of 
frequency v= 1.0 x 10% s. 


‘Sol. According to Einstein’s equation. 
Kinetic energy = NA 
= h(v — Vo) 
= (6.626 x 10-34 Js) x 
(1.0 x 10!5 s! — 7.0 x 10" s7!) 
= (6.626 x 10-34 Js) x 
(10 x 1014 Js? — 7.0 x 1014 s-!) 
= (6.626 x 10-34 Js) x 
(3.0 x 1014 s-}) 
= 1.988 x 1071? J 


When a certain metal was irradiated with light of frequency 
1.6 x 106 Hz, the photoelectrons emitted had twice the kinetic 
energy as the photoelectrons emitted when the same metal was 
irradiated with light of frequency 1.0 x 10!6 Hz. Calculate the 
threshold frequency (v,) for the metal. 


KE, = A(v — v9) 
KE 
KE, = (v, — v) = E 
Vo od = 1.0x10/6 — v, at 
v-v 2 1.6x10'°-—yv, 2 


= v=4x 10)5 Hz 


Calculate the energy in kilojoules per mole of electronic charge 
accelerated by a potential of 1 V. 
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Sol. Energy in joules = change in coulombs | 
x potential difference in volt 
= 1.6 x 10-71? x 6.02 * 1073 » 1 
= 9.632 x 104 Jor 96.32 kJ 


stals. Through 


. ction by cry 
An electron beam can undergo defra y lerated so that 


what potential should a beam of electrons be acce 
its wavelength becomes equal to 1.54 A. 


Sol.) For an electron 


— =eV 
2 


where V is the accelerating potential. 


os substituting all values, we get 
2 ? 


1x (6.625x10 7^)" = 
^ 5K 9.108x 10! x (1.54 x 10:19)? « 1.602 x10 


= 63.3 V 
SS Ji R) Li 
JELUSTRAT 


; ATIONS 
OAA ENANA EAAS 


Des 
MS 


The eyes of a reptile pass a visual signal to the brain when the 
visual receptors are struck by photons of wavelength 859 nm. 
If an energy of 3.15 x 107^ J is required to trip the signal, what 
is the minimum number of photons that must strike the receptor 
(h = 6.6 x 10734)? 

hc _ 6.6x 10^ x3 x 10° 
a  850x10? 
Energy required to trip signal = 3.15 x 10 ^ J 


225310 J 


C) 


n x E= E „aù photons that strike the receptor are 


3.15x10^^ 
n= 


33x10 = 1.37 x 10° photons 
Ix 


"EMSRS EROS AU NS CGN AEST 

ILLUSTRATION 4.49. | 
A dye absorbs light of à = 4530 A and then fluorescence light 
of 5080 A. Assuming that under given conditions 47% of the 


absorbed energy is re-emitted out as fluorescence, calculate the 
ratio of quanta emitted out to the number of quanta absorbed. 


d. We know, energy of light absorbed in one photon 
hc 


A absorbed 
Let n, photons be absorbed. Therefore 


Total energy absorbed = I. 
Absorbed 
Now, energy of light re-emitted then, 


Total energy re-emitted out = Ny X ae 


Emitted 
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7 f 
As give x - Egeemittad out 
As given. E yat 100 c 
47 « ^ mittal 
xn X—— ———— 
A \bsarhked 100 À Absorbed 
? 7 sago E 
n. J SOS -0 527 


— = — xX 
5» 100 4530 


4.21 DUAL NATURE OF 
ELECTROMAGNETIC 


RADIATIONS 
As discussed above. black body radiation and photoelectric effect 
could be explained satisfactorily on considering that electromagnetic 
radiations consist of particles. On the other hand, radiations exhibit 
phenomena of reflection. refraction. dispersion, interference and 
diffraction. which indicate that they possess wave. nature. So it 
mav be concluded that electromagnetic radiations possess dual 
nature. i.e.. particle nature as well as wave nature. Depending on 
the experiment. we find that light behaves either as a wave or as 
a stream of particles. Whenever radiation interacts with matter, it 
displays particle-like properties in contrast to wave -like properties 
(interference and diffraction). which it exhibits while propagating. 
Einstein (1905) calculated the mass of photon associated 
with a radiation of frequency v as given below: 
The energy E of the photon is given by 
E-hv 
Also according to Einstein's equation 


i) 


E-mc ...(ii) 
where m is the mass of photon. 
From equations (i) and (ii), we get 
hv = mc 
hv 
...(ii1) 


; - 
(iv) 


Equations (iii) and (iv) show the relationship between mass 


and wavelength of photon. 


Calculate the mass of a photon of sodium light having 


wavelength 600 nm and velocity 3 x 10* ms", 
Wavelength of photon, 
7. = 600 x 107m =6.0% 107 m 
Velocity of photon (v) =3 » 10* m s! 


Using relationship 


h 
m= — 

C). 
We get 


-M r1. 
Mass of photon — zn T 
3410 ms !»60*10! m 


= 3.68 ^ 10 % kg 


The kinetic energy of 
of electron is 9. 
i slectron: 

Sol... Calculation of the velocity of clectro 
/ 


on is 4.55 x 10775 J. The Mas 


an electr , f h 3 
| x 10-3! kg. Calculate velocity of t € electro, 


l2. -25 
Kinetic energy ^ 2m 24,.5»10^ J 

—-4.55 x 107 kg m?s 
+) 


~2 


2x KE 2x(4.55x10 7 kg m?’ s 
7 (9.1x 107! kg) 
2 


or v = —— 
n 
= 1085 m?s 
l 
(105m? s?? = 10° ms"! 


or velocity (v) = 


What will be the kinetic energy and total energy change of ay 


electron in H atom if the atom emits a photon of wavelength 


4860 Å? 


The energy released is 
p= he _ (6.626x 10? J s) x (3x108 ms‘) 
À (4860 x 109 m) 
=4.09 x 1071? J 


Total energy change = 4.09 x 107? J 


Loss in energy due to release of photon = gain in kinetic 
energy = 4.09 x 1071? J ; 


to that of red light (2, = 6.56 x 10? cm). Also determine the 
ratio of energies carried by them. 


< 
N 


vi _ 6.56x10° 
> + = ——_ = 16:1 
V). 410x102 


Now the energy associated with electromagnetic radiation 


is given by £ = hy. Therefore, 


SaL Wee 
E vy Ay 


Hence, the ratio of energies is same as that of frequencies. 


4.22 EVIDENCE FOR QUANTISED 


ELECTRONIC ENERGY LEVELS: 
ATOMIC SPECTRA 


[1 : violet and 2 : red] 


\ 


rhe speed of light depends upon the nature of the medium 
through which it passes. As a result, the beam of light is deviated 
or refracted from its original path as it passes from one medium 


B» X 


ee 


ee EL c 
io another. It is observed that when a r 


| | i | i Atomic Structure 4-37 
irough a prism, it undergoes at i pieni a : fee 
directly proportional to the frequency of radiation, Sinec amie 
white light consists of waves with all Wavelength/frean bru 
i visible range, it undergoes uncqual deviation and e x 
nó rder of decreasing frequencies, i.e.. a bcam of ordina it e 
splits up into seven colours (VIBGYOR) after ete ae Um ! 
a prism. This phenomenon of Splitting of a beam of light iio 


madiations of different frequencies after passing through a prism 
adiations obtained after 


in the line spectrum of an clement arc characteristic of the atoms 
of an clement. These characteristic lines in atomic spectra can be 
used in chemical analysis to identify unknown atoms. Therefore, 
the atomic spectrum of an clement is sometimes called fingerprint 
of its atoms. The exact matching of lines of the emission spectrum 
of the atoms of a known clement with the lines from an unknown 
sample easily establishes the identity of the latter. German chemist, 
Robert Bunsen (1811—1899) was onc of the first investigators to 


is called dispersion, and the pattem of r use line spectra to identify elements. 


dispersion is called spectrum. Film or 


detector 


Excited 
sample 


Tn case of ordinary white light, the red colour with the 
longest wavelength is deviated the least while the violet colour 
with the shortest wavelength 3$ deviated the most. The spectrum 
of white light that we can see ranges from violet at 7.50 x 10!4 Hz 
to red jat4 x10 14 Hz. This spectrum is called continuous spectrum 
because violet merges into blue, blue into green, and so on. 
A similar spectrum is produced when a rainbow forms in the 
sky- 

In a continuous spectrum, radiations corresponding to 
all the wavelengths (within a certain range) are present. The 
visible light is just a fraction of the electromagnetic radiation. 
When electromagnetic radiation interacts with matter, atoms and 
molécules may absorb energy and get excited to a higher energy 


Emission spectrum 


Atomic emission: The light emitted by a sample of excited 


Fig. 4.17 : 
hydrogen atoms (or any other element) can be passed throug 


state. l Forreturning to their more stable energy states, the atoms and 
molecules emit radiations in various regions of the electromagnetic 
spectrum. 


a prism and separated into certain discrete wavelengths. Thus 
an emission spectrum, which is a photographic recording of 
the separated wavelengths, is called a line spectrum. Any 


sample of reasonable size contains an enormous number of 
atoms. Although a single atom can be in only one excited 
state at a time, the collection of atoms contains all possible 
excited states. The light emitted as these atoms fall to lower 


energy states is responsible for the spectrum. 


; 4.22.1 EMISSION AND ABSORPTION SPECTRA 


When a sample is subjected to heating or irradiation, it absorbs 
radiation or energy and gets excited. As the sample gives up the 


absorbed energy, the wavelength (or frequency) of the radiation — 
detector 
Absorbing 
1 “Sacing ¢ ee | Pe j. sample 
wavelengths or decreasing frequencies is called emission ~~, (3 
spectrum. Since the radiations in the spectrum are emitted due ea 


to energy changes taking place in the atoms, this spectrum is also 
ee mane 
known as atomic spectrum. 
ln en j 


An absorption spectrum is like the photographic negative of Enam 


an emission spectrum. A continuum of radiations is passed through 
a sample, which absorbs radiation of certain wavelengths. The 
missing wavelength that corresponds to the radiation absorbed 
by matter leaves dark spaces in the bright continuous spectrum 
(Figs. 4.17 and 4.18). 


The study of emission or absorption spectra is referred to 
as spectroscopy. The instrument used for obtaining a spectrum is 
called spectroscope or spectrograph. The spectrum of the visible 
light, as discussed above, is a continuous spectrum. On the other 
hand, the emission spectra of atoms in the gas phase do not show 
a continuous spread of wavelength from red to violet; rather, they 
emit light only at specific wavelengths with dark spaces between 
them. Such spectra are also known as line spectra or atomic spectra. 

e various lines in the line spectrum correspond to the radiations 
of different wavelengths emitted by the excited element. The lines 


Increasing wavelength 
— 


Absorption spectrum 


Fig. 4.18 Atomic absorption: When white light is passed through 
unexcited atomic hydrogen and then through a slit and prism, 
the transmitted light lacks in intensity at the same wavelength 
as are emitted in Fig. 4.17. The recorded absorption spectrum 
is also a line spectrum and the photographic negative of the 


emission spectrum. 


Elements such as rubidium (Rb), caesium (Cs), thallium (TV), 
indium (In), gallium (Ga), and scandium (Sc) were discovered when 
their minerals were analysed by spectroscopic methods. The element 
helium (He) was discovered in the sun by spectroscopic method. 
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4.23 HYDROGEN SPECTRUM 

The atomic spectrum of hydrogen has been proved to be very 
structure. When an electi ic 
as, Its molecules dissociate 
y excited hydrogen atom 
screte frequencics. The 
ber of sharp lines. Each 
ght emitted by 


The atomic spectrum of h l 
helpful in the development of atomic 
discharge is passed through hydrogen g 
into hydrogen atoms. An energeticall 
then emits electromagnetic radiation of di 
spectrum obtained consists ofa large num fs 
line corresponds to a particular frequency of li Pod 
hydrogen atoms. The /ines of hydrogen spectrum are named afte 
their discoverers. Lines in the emission spectrum of hydrogen are 
present in ultraviolet, visible, and infrared regions. 


Balmer showed in 1885 that if spectral lines are expressed in 


terms of wavenumber ( v ), then the visible lines of the hydrogen 


spectrum obey the expression 


l " 
v — 109677 (jen i 
2° n 


where 77 is an integer equal to or greater than 3 (i.e., n = 3, 4, 5, ...). 
The series of lines that could be described by this expression are 
known as Balmer series. Later, a Swedish spectroscopist Johannes 
Rydberg gave a more general expression applicable to all the series 


in the hydrogen spectrum: 


where 7, and n, are integers such that n, > 7. The value of 
109677 cm! is called the Rydberg constant (R) for hydrogen. For 


a particular series, 7, is constant. 
Table 4.5 Series of transitions in hydrogen spectrum 


Wavelength 


Spectral 
region 


UV light | «4000 À 
Balmer | n,=2 n-23,4,5,..c | Visible | 4000-7000 A 
‘series | 
S$ 
| a J 
Paschen | n,73 | n,74,5,6,...0 | Near >7000 A 
series infrared 
T + E -= E ——————---— 
; Bracket | n,=4 | n,75,6,7,..« | Infrared |»7000 A 
series 
pe "m t- - 1 —1 
Pfund | nm-5 | 1, = 6, 7,8, ...0 | Far >7000 A 
series | infrared 
| anes | | 
Humphrey| n,=6 | n,=7,8,9,...0 | Far 27000 A 
series | | infrared 
= ss | 


Table 4.5 shows these series of transitions in the hydrogen 
spectrum. Figure 4.19 shows the Lyman, Balmer, and Paschen 
series of transitions for a hydrogen atom. 

A hydrogen atom has the simplest atomic spectrum. A 
heavier atom has more and more complex atomic spectrum or 
line spectrum. However, there are certain features common to all 


line spectra, viz. 


ctrum of an element is unique and 


a. Linc spe | 
c line spectrum of cach elemen | 


b. There is a regularity in th 
Table 4.6 The spectral lines for atomic hydrogen | 


Spectral region 77 


Series 


Lyman Ultraviolet 
Balmer Visible | 
“Paschen l Infrared 
o Brackett 7 Infrared | 
. Pfund Infrared 
Humphrey Far infrared da 


0 n=% 
Ioue 
eR -—n-23 
Paschen n= 4 

series (infrared) 


Balmer series 7 imiting — ' 
(visible) ine | 
ONG n=2 
Limiting 
z Lyman series (ultraviolet) 
ái 
— — at n-l 


Limiting line 
Fig. 4.19 Transitions of electron in a hydrogen atom (The diagram shows 
the Lyman, Balmer, and Paschen series of transitions.) 

For the given value of n (principal quantum number), 
the total number of spectral lines can be calculated by the 
expression n(n —1)/2. 

Note: 


a. R is known as the Rydberg constant. Its value to be 
used is = 109677 cm™ = 10967700 m^! = 1 x 107 m ^. 

b. The value of 1/R ~ 911.5 A is sometimes useful. 

c. This relation exactly matches with the empirical 
relation given by Balmer and Rydberg to account 
for the spectral lines in H atom spectra. In fact the 
value of Rydberg constant in the empirical relation 


BD» 


PE ni 


is approximately the S 


— 


oo — 


theory. This NNI E. 
uu J* S was th Š ! ulated ^ —— —— 
: S the main s from Boh; — 
= ^ ^ ` Ne ^ o wé. z 1 
i.e., to account for tlie ex Success of Bohr's hr's Then H |. Atomic Structure 4.33 
experiment s theory, " ergy change does not take place in boston "np 
anner. i : a continuous 


postulating a theory . i 
g a theory, al observations by 


d. The maximum n 
umber of li c. The frequenc ^ 
r a alnan ú ol f "t i D . 
when an electron in an peels that can be emitted itansitión ecd k radiation absorbed or emitted when 
to a state » — n, (n dé ited state n = n.d s inane 3 etween two stationary states that differ 
j Vy ? n) is given by 2 de-excites ergy by AE is given by 
(m - * DG, n) y AE  E;-E, 
2 | h i ? 
where £, and E, are 
| „ are the energies of the lowe d hi 
all r and higher 
4 24 BOH R’S MODE owed energy states, respectively. This expression is called 
4.24 BOTIN'S MODEL FOR HYDROGEN Bohr's fre 
^^ ATO HYDROGEN t According to Bots 
ATOM e ccording to Bohr's theory for hydrogen atom: 
in 1913, Niels Bohr, a Danish physicist I. bes d states for electron are numbered. n= 1, 
„tom base d on classical and "un xi Ud. model of an B : ps idi un numbers are known as Principal 
ercome the shortcoming physics in order to ij E e 
ov | gs of the Rutherford model ii. The radii of the stationary states are expressed as: 
Bohr retained Rutherford's concept of r= mag 
a central iti ————— 
` cle osit 
charged s na Succounden by a planetary system of electr DS where a, = 52.9 pm. Thus the radius of first stationary 
He also made use of Planck’s quantum theory. The main ons. states called the Bohr orbit is 52.9 pm. Electron in the 
of Bohr’s theory are as follows: postulates hydrogen atom is found in this orbit (i.e, n = 1) 
a. The electron in the hydrogen atom revol As n increases the value of r will increase i.e. electron 
nucleus in a circular path of fixed radius ii around the will be present away from the nucleus. 
paths are called orbits stationary ae iid ue ii. Eger oelectton ons Slant ae 
—— MÀ , energy shells, or 
allowed energy states. These stationary states for electrons E,— - Ry (4) ,n=1,2,3... 
are numbered as n = 1, 2, 3, .... or designated as K, L, M, N " 
- etc. shells (Fig. 4.20). These integral numbers are mone where R,, is called Rydberg constant and its value is 
as principal-quantum numbers. These orbits are arranged 2.18 x 10-'8 J and this is the energy of hydrogen atom. 
concentrically around the nucleus. "Similarly, energy of stationary state for n = 2 is 
4 or N _ Md LE -18 
3 or M E,- -2.18x10 (2) - 0565» 10 J 
2orL 
4.24.1 EXPLANATION OF LINE SPECTRUM OF 
Nucleus HYDROGEN 
Line spectrum of hydrogen atom can be explained quantitatively by 
using Bohr's theory. Energy (radiation) is absorbed if the electron 
Fig 4.20 Bohr's orbit moves from smaller value of n to higher value of n. (Principal 
. . . quantum number), whereas energy (radiation) 1s emitted if the 
b. Electrons revolve only in those orbits where the angular : » 
y electron moves from higher orbit to lower orbit. The energy gap 
momentum of the electron 15 quantized. Thus an electron can between two orbits is — 
move only in those orbits for which its angular momentum SIS P 
ís an integral multiple of h/2n that is why only certain fixed AE = E,- E, (i) 
orbitals are allowed. Energy of electron of its stationary state 1s: 
h a | ee 
mvr-n—, or nf where ^ = — " 
E 2n | 2n E, — Ry (5) 0-123. (i) 
n 


,n;his Planck's constant; m is mass of 


where n = 1, 2. 3. - D. " 
electron; v is the velocity of electron; and r is the radius of Combining equations (i) and (ii), we get 
the orbit. AE = (-Ry\ _ (=| (iii) 
c. The energy of an electron ) 


n; 


in the orbit does not change with \ "i 
ru j icular e n : 
time. This means that the energy of an electron in a part tand for initial orbit and final orbits. 
orbit remains constant, it does not lose or gain energy. " 1 
d. The electron will move from a lower stationary state to a AE = Ry P _ z 
higher stationary state when the required amount of energy n ny 
is absorbed by the electron. When the electron Jumps back to di (Y 1) 
the lower energy level, it emits the same amount of energy. = 2.18 x 10 


where n; and n j 
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_ Y¥ 


z , i . ission of 
The frequency (v) associated with the absorption and emissio 
the photon is expressed as: 


AE Ry( 1 1) 
V = —— = —] — — — 


h h (n? n 
2.18 x 107'8J 
6.626 x 10 74Js 
et. A 
nid gee 
nj ny 


and in terms of wave-number (V) 


.329x107s!(1 |) 


7 3x10 ms! (a n) 
i UR 1) -I 
= 1.09677 x10 " "u 


In case of absorption spectrum, (r 1> nj) and the term in parenthesis 
I5 positive and energy is absorbed. In case of emission spectrum, 
. LI . UM DRE a (M 
nj? n, AE is negative and energy 1s released. 
Note that each spectral line 


, Whether is absorption or 
emussion Spectrum, can be associated to the particular transition 


in hydrogen atom. In case of large number of H-atom, different 
possible transitions can | be observed |; 


number of spectral lines. The bri 


24.2 SUCCESSES OF BOHR’S MODEL 
a. Bohr’s model could ex 
According to Bohr’s model, an electror 

particular orbit cannot lose energy. The electron can lose 
energy only if it jumps to some lower energy level. If no 
lower energy level is vacant, then the electron will keep 
on revolving in the same orbit without losing energy and, 
hence, it explains the stability of atom. 

Bohr’s theory successfully explains the hydrogen spectrum. 
It also explains the spectrum of some other one-electron 
systems (H-like system) such as He, Li?*, Be?*. etc. 
With the help of Bohr's theory, we find out 


I. Radius of the orbit (r,) in which the electron is revolving 


b: 


the energy is taken as zero. The electro 


electron at rest. An electron in an 
attractive force duc to protons in the 
at rest is an electron infinitely far 
and is assigned the energy valuc o 
this corresponds to setting n cqual t 


atom IS because ii 
nucleus, A freg eleg the 
away from thc, "o 


C 
f zero, Mathemaii. 


o infinity in the equ] 

so that E, = 0. As clectron gets closer to thc ML 

oo nuclei f 
becomes Targer in absolute value 


s E 
| and more an ud 
negative. The most negative energy value is given by Ore 

h 


1, which corresponds to the most stable orbit, 
When the electron is free from 


n the influence of p 

| n in this situar i. 
associated with the stationary state of Principle Quang l 
number = n = oo and is called as ionised hydrogen Pk 
When the electron is attracted by the nucleus and is preg m 
in orbit n, the energy is emitted and its energy is lowe 
That is the reason for the presence of negative Sign į 
equation z, -- Ry a ,5A71,2,3 
n 


stability relative to the reference state of zero energy ang 
n 
= oo 


Cred, 
N the 


... and depicts is 


Bohs's theory can also be applied to the ion 
one electron, similar to that present in the 
eg., He®, Li?*, Be?* and so on. 

The energies of the stationa 
kinds of ions (also known as h 
by the expression: 


S containing only 
hydrogen atom, 


ry States associated With these 
ydrogen like Species) are given 


[2 
E,- aax is 


and radii by the expression 


, 2 29x y? 

n Z 
where Z is the atomic number and has values 2 and 3 for Hé? 
and Li? ions respectively. This shows the value of energy 
becomes more negative and that radius becomes smaller 


with increase of Z. This means that electron will be tightly 
held to the nucleus, 


pm 


. Similarly it is also possible to calculate the velocities of 


the electrons moving in these orbits. It is given by the 
expression: 


2 


V = 2.18 «108 x Z ms" 
2hn n 


Qualitatively the magnitude of velocity of electron increases 


with the increase of positive charge on the nucleus and decreases 


around the nucleus with the increase of principal quantum number. 


ii. Energy of the electron (E,) in an orbit 
iii. Velocity of the electron ( V) in an orbit 


A244 EXPERIMENTAL FACTS IN FAVOUR OF 
BOHR’S THEORY 


The points in favour of the validity of Bohr's theory atè 
summarised as follows: 


a. The frequencies of the spectral lines of the hyong” 
spectrum, as determined experimentally, are in T 
agreement with the frequencies of the same lines calcula 
with the help of Bohr's theory. 


4.24.3 WHAT DOES THE NEGATIVE ELECTRON 
ENERGY (E) MEAN? 

a. The energy of an electron in a hydrogen atom has a negative 
sign for all possible orbits. What does this negative sign 
convey? This negative sign means that the energy of the 
electron in the atom is lower than the energy of a free 


get ae ERE NN 
ga The value of Rydberg constant for h id M 
calculated from Bohr, theory (R is Ss Ry. as 
reement With the AEN da em!) 
(109677 cm ^) obtainc Spectroscopic iod value 
c. The radii and energies of the permissible 
atom as calculated from Boh 


| Us theory 
with experimental values. 


Orbits in hydrogen 
are in full agreement 


ym and the line spectra of hydro 
Tr example, Be. Le Bon 
ions (for example, H5, Liv’, Be 
<everal discrepancies were observ 
> LI 
these are listed below: 


). A few years later, 
ed in Bohr's theory. Some of 


a. Bohr's model could not explain the s 


pectra of atoms 
containing more than one electron. 


Table 4.7 Relationship and Important formulae relating to Bohr's theory 
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as Observed that in the presence of a magnetic ficld, 
cach spectral linc gets split into closely spaced lincs. 

This phenomenon, known as Zeeman effect, could not be 
explained by Bohr's model. 
c. Similarly, Stark effect, i.c., splitting of spectral lines in presence 
of clectric field, could not be explained by Bohr's model. 
d. In 1923, French physicist de Broglie suggested that electron, 
like light, has dual character, It has particle as well as 
Wave nature. Bohr had treated electron only as a particle. 
€. The main objection to Bohr’s theory was raised by 
Heisenberg 's uncertainty principle. According to this 
principle, it is impossible to determine simultaneously the 
exact position and momentum of a small particle like an 
electron. The postulate of Bohr that electron moves in well- 
defined orbits around the nucleus, is therefore, not valid. 
f. Bohr’s model could not explain the geometry and shapes of 


molecules. 


b. It w 


ea Wee 
2. 
5 uu pa gp- Ze c= 
4n mZe* nh 2 m 
l | 
2 1/2 l 7 7? EN ES | 
2. r= x0.529A v (2) = Rx E z| | 
Z rm 
2 nh 72 de 
= n EY V = —— TW h =. 
ý = Ur MEE 2nmi E=- Rhex E | 
l Z X= h | 
4. r «c n° (Z constant) V œ (Z constant) Pas es 313.6 kcal xm 
ie z tant) c= | 
| XL (Z constant) | =— (Z constant) E œ — Z* (n cons , | 
5. " n Vn i 
| | 2nr E Zz "m—- 
6 ro = (n constant) | Time period T=—— EX = =} (n constant) E-mc | 
l Z | 2 2 
| i — 
| |] 
AE = -248x TE - +) 
What are the frequency and wavelength of a photon emitted 2 cd S in 
during a transition from n = 5 state to the n = 2 state in the 


hydrogen atom? 


i -19 
line in the visible region of the Balmer series. AE 458x109] 


(2-2) M T ge 
-] Mog 
AE = 2.18 x 10 (5 ji = 691x10"* Hz 
__ 107!?J $ nl 
4,58 x TEM MES - 434 nm 
It is an emission energy Y ` 
Alternatively 


fn =2, n, =5 
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Y 


— 


Calculate the energy associated with the first orbit of He®. What 
is the radius of orbit? 


l 


(218x10 557? — — 
or? atom 


n 
For He®, n = 1, Z=2 


_ -(2.18 x 10"? 3) (27) 
1? 


e E, E 


E, 


--872x1075] 
The radius of the orbit is given: 
- (0.0529 nm)? 
n Z 
Since n = 1, and Z- 2 
„ — (0.0529 nm) x 1? 
” 2 
= 0.02645 nm ` 


What is the wavelength of the light emitted when an electron 
in a hydrogen atom undergoes transition from the energy level 
n = 4 to energy level » = 2? What is the colour corresponding 


to their wavelengths? (Given Ry = 109677 cm!) 


According to Balmer equation, 
1 1 x 
Wavenumber (v) = Ry E — A cm” 
m ā m 
n =2,nm= 4, Ry = 109677 cm 
Substituting all the values, we get 


= 109677 1 1 cm! _ 109677 x 3 cm 
y5 O (4) 16 
16 


1 
4 oe 1i L2 om = 486 nm 
or A= =~ 109677 x3 


This wavelength corresponds to blue colour. 


ie the wavelength of the first line in the Balmer series 
of hydrogen spectrum. 
e in Balmer series. n, = 2 and n, = 3. So 


“Sok For the first Jin 
— ee | 
v= ——— 

H n n; 


E as| cm! 


\\ 


5 zd 
—cm 
109677 x 36 


= 15232.9 cm 


\\ 


SP 


ae 
15,232.9 


i 
or À = — m = 6.565 -5 _ 


ow ' i Á MP ká iA D N ug A. BA 
ILLL JST RAT JON Murena 2E 


Calculate the shortest wavelength in H? spectrum of tl 
series when Ry = 109,677 cm. an 


' Sol. ? For Lyman series, n, = 1. 


For the shortest Lyman series, the energy difference ; 
two levels showing transition should be maximum ( : 
. €. 


n, = ©). 
Using the expression 


We get 

LE 1096775- cm™! = 109677 cm! 

À 1 o 

or 4 = 911.7 1075 em — 911.7 x 10719 m —911.7 Å 


MENSEM 


[for Li^, Z=3] 


1 
y = 109677 x 3 35 
1 
v 2877x107 m^ 
-113.9 Å 


orA = 2 
V 


What is the maximum number of emission lines when the excited 


electron of a H atom in n — 6 drops to the ground state? 


Spi The number of lines produced when an electron from the 


nth shell drops to the ground state is 


n(n — 1) 
4 6-1) 

6(6 — 5 

So the required number of emission lines is A =) 


I. 


The ionisation energy of H atom is13.6 eV. The ionisation 
energy of Li?" ion will be 

a54.4eV b.122.4eV c.13.6eV 
The ionisation energy of He? is19.6 x 107! J atom 
energy of the first stationary state of Li?* will be 

a. 84.2 x I0 !? J atom! 


d. 27.2 eV 
-1 The 
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b. 44.10 x 10-15 J atom”! 
e, 63:2 x 10-15 atom"! 
d. 21.2 Xx 10713 J atom"! 


JI. The shortest wavelength in H spectrum of Lyman series 
when Ry = 109678 cm" is 
a. 1002.7 A 
b. 1215.67 A 
c. 1127.30 À 
d.911.7 À 

IV. A spectral line in the spectrum of H atom has a 
wavenumber of 15222.22 cm-!. The transition 


responsible for this radiation is (Rydberg constant 
R = 109677 cm!) 


a.2—> 1 
b.422 
c322 
d.2 3 
ze E for Li** = Ej for H x Z? [for Li, Z - 3] 
=13.6x9=122.4eV 
Il. b. Ej for Li** = E, for H x Z? = E for H x 9 
E, for He® = E, for H x Z&, = E, for H x 4 


or E, for Li” = 2B for He? = 19.6x10 x= 


= 44.10 x 10718 J atom”! 


III. d. For Lyman series, n, = 1. 


For shortest ‘wavelength’ of Lyman series, the energy _ 


difference in two levels showing transition should be 
maximum (i.e., n, = ©) 


1 1 1 1 
2 = P| | = f= — 
À «a 4] 10678 


1__ l  .6569x10?cm- 6569 A 
v 1522222 
. (Visible light wavelength) 


Clearly, it lies in the visible region i.e., in Balmer series. 
Hence, n, = 2. Using the relation for wavenumber for 


H atom, 


] l 
= 109677| = -7z 
1522222 = 1 E nl ) 


n,=3 
The required transition is 3 > 2. 
Hence, (c) is correct. 


Note: (d) is wrong because 2 — 3 will absorb radiation. 


Calculate the wavelength emitted during the transition of an 
electron in between two levels of Li?* ion whose sum is 4 and 
difference is 2. 
(Sol Let the transition occur between levels 7; and n, and 
n,? n. 
Given that n, + n, = 4 and n,- n = 2 


s n,-landn,-3 


l sf 1 ] 
"= = R xZ |->- 
An ls x 
= 109,678 x (3)? H 


À 7 1.14 x 1075 cm 


Calculate the ratio of the wavelengths of the first and the ultimate 
line of the Balmer series of Li?^? 


c. Wavenumber of the first line of the Balmer series, 


n,-2andnm,-3 


e R2 ru ET 
2^ 3 36 4 
-. Wavelength of the first line of the Balmer series 
o 4 
5R 


Wavenumber of ultimate line (limiting line) of the 
Balmer series, 


22 o i 
-. Wavelength of the ultimate line of the Balmer series 
_ 4 
9R 
Ratio = 3 
5 


What transition in the hydrogen spectrum would have the same 
wavelength as the Balmer transition n = 4 to n = 2 in the He® 
spectrum? 

a.n=4ton=2 


b.n=3ton=2 
c.n=3ton=1 
d.n=2ton=1 
Jol ja v= 2 =[ 4-4 jez = 
A A y 4 
In H spectrum for the same v or A asZ — 1, n=l, 
n 5-2 
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l | ™ 
[un we A(t tan 
s ` e: ` 2 o0 4 4 
The wavelength of series limit for Lyman series for He? ion 
would be V4 =(v, ni = (v -7u jaw 
a. 911.7 À l 
"(V= v) =v, 
b. 227.9 À l 
d. 303.8 À 
A certain transition in H spectrum from an excited State to th 
Sol. | ground state in one or more steps gives rise to a total of 10 lite 
b. Z - 2 (for He?) How many of these belong to the UV spectrum? 
Series limit for Lyman series a. 3 b.4 c. 6 d.5 
n, —l.n,-—o 


n, = l (ground state) n, = 5 (excited state) 

n=5 

n=4 

n=3 Total lines in UV 

s "Ae " ; spectrum = 4 

The energy required to ionise a helium atom is equal to 24.6 n=2 a 
eV. The energy required to remove both the electrons from the 
helium atom would be n=l 


a. 59 eV b. 81 eV c. IDV d. 40 eV 


c. He — He® + e IP, — 24.6 eV 


The transition from state n = 4 to 7 = 3 in a He? ion result in 


He? tie dp es ultraviolet radiation. Infrared radiation will be obtained in the 
e~ —> e 5 = 1 


transition from . 
IP. =13.6eV x Z? = 13.6 x 22 = 544 eV 


an=2>5n=] 
IP, + IP, = 24.6 + 54.4 = 79 eV 


C. n-5— n4 


d. In case of H-spectrum UV spectrum appears [rom 


b.t-3—n-2 


d.n-8—n-6 


Let v, be the frequency of the series limit of the Lyman series, n= l, ton, =2,3... 
v; be the frequency of the first line of the Lyman series, and v, Here in case of He? spectrum UV spectrum is from" 
be the frequency of the series limit of the Balmer series. ton, = 4. 
a. vi- v= v b. v,- V = V, 7 of | l \ 
Vuy = Rz St =Rx a(z- 
c. V7 AM ng) d. vi +v, = v, ] 1 MN j 
In case of H-spectrum IR appears from 7, ~ A 
SA RES 
a. Lyman series limit: (m, = 1, n, ~~) (V = v) Vir for HT = Rx p? E | NU 
Io] vor 
v= Re | yi) 4 RIL I) | | , 
Fox Vin for He? = R x 4 P l =| : (A 
First line of Lyman (n, = 1, n, 2) "^ nj m h " 
i fll 
Gaal eee i i 
2 ray J^ 2 72 099 (vi = R) ALL the coefficients of equations (i) and (ii), W° 
e 
Balmer series limit: (n, — 1, n, = o) 4 | 
327-7; n =6 
n 9 


i Re RUM h 
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nj 16 ; : E 
E . . = . ANE and r£- 
Thus, transition for He® in IR is n > 6ton, 8. a. Frequency v py Vo " Z 
Note: IR region starts with 1, = 3. " ZxZ 
I nxn 
: us . 2 
An electron jumps from nth level to the first level. The correct Svt- 


fact(s) about H atoms is/are 
Vue? = T _8x4 = 
Vou di 27 

Hj 


a. Number of spectral lines = 


n(n = 1) 
b» 


b. If» = 4, number of spectral lines =6 


Second excited > n = 3. 
n(n + 1) 


c. Number of spectral lines = 


— 


d. If n = 4, number of spectral lines = 10 


The Wave length of the first line of Lyman series of hydrogen 


‘Sol. is identical to that of second line of Balmer series for same 
Correct hydrogen like ion ‘X’. The IE, for X is 
a. i 
4(4—-1) a.—544eV b.-328eV c.-13.6eV  d.-3.8eV 
b. Correct =6 


5 


c. and d. are wrong. 


e 
ILLUSTRATION 4.71. Given A(Lymen, H9) = A(Balmer, X) 


The electron of H-atom in the ground state is excited to a ;(1 1\_ spi. S 
ae pe. Ry* IPs =R |- 
higher energy level by monochromatic light of energy 13.22 1 2 2 4 
eV. How many different photons are emitted when it returns to Second ine Balmer=3 m=: 
the ground state? 
a4 b. 10 c. 6 d. 15 22 oe a5 1008, 
2 2 
Sa IB, = -13.627 - -136x 7 - -13.6 eV 
1 ] 13.6 n 2 
d. 13.22 eV = 13.6 275 72 =13.6- a 
I n n 


pu =13.6 —13.22 = 0.38 
n a. The energy gap between the consecutive energy orbits 
p= 13.8 s36 decreases as the value of "n" increases 
0.38 b. Thelongest wavelength in any spectral series corresponds 
n- 6. to a-line in that series. 
The electrons of H atom is excited from n, — | c. Each spectral series is bounded by minimum and 
to n, — 6. 


maximum wavelengths and the range follows a 

6(6 — 1) continuous distribution as given by k- 

Number of spectral line = = T Boers ieee 
2 d. Kinetic energy of the electron decreases, whereas the 
potential energy increases as the value of “7” increases. 


INED a., c., d. 
WlustRATION 4.72 ee 


b. Wrong. 


The number of photons emitted is equal to the number 
of spectra] lines = 15. 


Ratio of frequency of revolution of electron in the second excited c. Correct statement. 
state of He? and second state of hydrogen is d. Correct, PE œ — 13 KE « E 
QA 27 | 12 “a " 
1A b. 2d d a) Therefore PE with proper sign will increase 


with increase in value of n whereas KE will decrease. 
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The ionisation energy of H atom is 13.6 eV. What will be the 
ionisation energy of He? and Li?* ions? 


Sol: Ionisation energy of H atom = 13.6 eV 
Ionisation energy of He®= IE for H x Z 
= 13.6 x 4 = 54.4 eV 
Ionisation energy for Li?* = IE for H x Z? 


= 13.6 x 9 = 122.4 eV 


An electron in H atom jumps from the third energy level to 
the first energy level. The change in the potential energy of the 
electron is 
a. 12.09 eV 
c. 24.18 eV 


EIB c. TE =-KE= SPE 


PE, = 2TE, = 2 x -13.6 eV 


b. 6.04 eV 
d. None 


= —271.2 eV (First orbit) 
PE,= 2TE, = 2x ee 
9 9 
—2 


272x5-2418 eV 


Ifthe PE of an electron in the first Bohr orbit of H atom is zero, 
the total energy of the electron in second Bohr orbitis 

a. 23.8 eV b. -23.8 eV 

c. 3.4 eV d. 3.4 eV 


Sol a. In first orbit: 


TE = Total energy, KE = Kinetic energy, PE = Potential 
energy 
TE --13.6 = -KE = SPE (PE = 2 TE) 


PE =2 x -13.6 = -27.2 

If PE = 0, add + 27.2 to PE. 
PE =—27.2+27.2=0 

TE =-13.6 + 272 = 13.6 eV 
KE = 13.6 + 27.2 = 40.8 eV 
In second orbit: 


=-3.4+27.2=23.8eV 
KE = 3.4 + 27.2 = 30.6 


I. The circumference of the first Bohr orbit in H atom is 3.322 
x 1071? m. What is the velocity of the electron of this orbit? 


II. 


II. 


IV. 


The number of waves in the fourth Bohr orbit of hyd 
is TOgen 


a. 3 b. 4 c. 9 d. 12 


In hydrogen atoms, electrons are excited to the fifth en 
level. The number of lines that may appear in the " 
will be 


a. 4 b. 8 c. 10 d. 12 

Calculate the radius of the third orbit of a hydrogen atom: 
the radius of the first Bohr orbit of hydrogen atom 5 
0.53 A. 


a.4.77 À 


Pectrur, 


b.159A c106A 4.2124 


I. 


B 


Til. 


IV. 


Il. 


IIl. 


Iv. 


According to Bohr's model, 


nh ; 
myr = e ; Given n = 1 and 2nr (circumference) 
n 


= 3.322 x 1071? m 
nh 1x (6.626 x 10 7^ Js) 
v= CRI ck doce ck tc HERR 
2nmr (9.1x 1077! kg) x 3.322 x 107° m 
=2.19x 10°ms"! 
Circumference 
b. Number of waves = ———————— 
Wavelength 
ao =P Gar = em c. AK AK 
À him h h 2 k Xx 
n4 


c. Number of lines produced for a jump from fifth orbit 
to first orbit is given by n(n — 1)/2 required number of 
lines 
50D. 

m aa 

a. We know that 

r, = mÜr-(3? x 0.53=4.77A 


10 


. The energy of an electron in the first Bohr orbit of H atom 


is -13.6 eV. The possible energy value (s) of excited state(s) 
for the electron in the Bohr orbit of hydrogen is/are 
a.—3.4eV  b.-42eV  c.6.8eV d. +6.8 eV 

If an electron in H atom has an energy of —78.4 kcal mol. 
The orbit in which the electron is present is 

a. Ist b. 2nd c. 3rd d. 4th 

If the radius of the second Bohr orbit of hydrogen atom i 
r>, the radius of the third Bohr orbit will be 

a. s ry b. 4r, c. : ry d. 9r, 

The difference between nth and (n + 1)th Bohr radius ofH 
atom is equal to its (n — 1)th Bohr radius. The value of? 


a. | b.2 c.3 d.4 


— 


= ——eV 
j. 4. E, n 
-13.6 
When 1 = 2, E Aa = —-3.4eV 
Hence, (a) is the correct answer. 
j. b. E,” = S132 kcal mol”! 
II. D ^; n? 
313.6 
=> -78.4 = : 
n 
n=2 
wh 
, pHa 
Hc 4r mZe* 
rs > 
. n y 
9 
fa me Ts 
4° 
IV. d. r, «7r 
Butr yh) 41 


(n+ 1) -m =(n-1} 


I 


. Which ofthe following are the limitations of Bohr's model? 
a. It could not explain the intensities or the fine spectrum 
' of the spectral lines. 

b. No justification was given for the principle of the 
quantization of angular momentum. 

c. It could not explain why atoms should combine to form 
bond. 

d. It could not be applied to multi-electron atoms. 

IL According to Bohr's theory: 

a. When an atom gets the required energy from outside, 
it jumps from lower orbits to higher orbits and remains 
there 

b. When an atom gets the required energy from outside, 
it jumps from lower orbits to higher orbits and remains 
there for very short intervals of time and returns back 
to the lower orbit, radiating energy 

c. Angular momentum of an electron is proportional to n 

d. Angular momentum of an electron is independent of n 


III. Choose the correct relations on the basis of Bohr's theory. 
a. Velocity of electron ~ 1/n 


b. Frequency of revolution ~ 1/n* 
c. Radius of orbit « n?Z 
d. Force on electron « 1/n’ 


I. (a), (b), (c), (d) all. 
II. (b) and (c). 
III. (a) and (d). 


ause 


I. Bohr's orbits are called stationary states bec 
a. Electrons in them are stationary 


b. Their orbits have fixed radii 
c. The electrons in them have fixed energy 


d. The protons remain in the nuclei and are stationary 
ect in Bohr s 


II. Which of the following statements is (are) correct ™ 
model if the mass of an electron becomes 10 times its 


original mass? 

a. Velocity of the electron increases by 10 times. 
b. Orbit radius decreases by 10 times. 

c. Energy of the electron increases by 10 times. 
d. Wavelength of the electron will remain same. 

III. The velocity of an electron in the second Bohr orbit of an 
atom of an element is 1.1 x 106 m s~. Its velocity in the 
third orbit is 
a. 3.3 x 106 m s^! b. 2.2 x 10°ms! 

c. 7.333 x 105 m s”! d. 3.66 x 10° m s^! 

IV. If the radius of the Bohr orbit is r then the de Broglie 

wavelength of the electron in the third orbit will be 


a. 2nr b. 20h c. = d. 6xr 


3 3 


1. c. The electrons in them have fixed energy. 
II. d. Wavelength of the electron will remain same. 
IIl. c. Let V,=xms! 


J,---ms" 
a eet 

V. = . 

x 


ram 1.1 x 10$ ms"! (Given) 


x=2.2 x 106 ms”! 
2.2 x 10fms™? 
y,- —— —— 
3 
= 7.333 x 105 ms! 
IV. b. Bohr radius = r 


nh 


Bohr velocity, V = 
2nmr 
de-Broglie wavelength, A = “a 
m 
. For third orbit, n = 3 


| h 2nr 
mx3h 3 
2T 


I, Which of the following statements does not form part of 
Bohr's model of the hydrogen atom? 


a. Energy of the electron in the orbit is quantized. 

b. The electron in the orbit nearest to the nucleus has the 
lowest energy. 

c. Electrons revolving in different orbits have different 
velocities. 

d. The position and velocity of the electron in the orbit 
cannot be determined simultaneously. 


II. If the speed of electron in the first Bohr orbit of hydrogen 


atom is x, then the speed of the electron in the third Bohr 
orbit of hydrogen is 


; .2. x 
a, — b. — e. 3x d. 9x 
9 3 


IH. The ratio of the difference between the first and second |. 


Bohr orbit energies to that between second and third Bohr 


orbit energies is 


a. 4 b. 


^ 


2 
= EZ 
5 27 


w | — 
[e] 


IV. Which of the following parameters are not same for all 


hvdrogen-like atoms and ions in their ground state? 
a. Radius of orbit 

b. Speed of electron 

c. Energy of the atom 

d. Orbital angular momentum of electron 


. b. Velocity, V x E 
n 
If velocity of electron in first orbit — x 
then velocity in 3rd orbit — = 
l 


HI. c. ag = 28g | PULS 
BH m 


" AE, — -2.18x107* A 
21 12 


= -218x10 (2) 
4 
5 


AEQ, 3,36 27 
AE, 4 5 5 


Hence answer is (c) 


IV. (a, b, c) 


L If the radius of first, second, third and fourth orbits of 
hydrogen atom are ry Fz Fz and rg, respectively, then their 
correct increasing order will bc 

a.a <7, Enr) b. 4, < r< 13 tr, 

eru eror, d. Equal in all 

. The ratio of the radii of the fifth orbits of He® and Li® will be 
3,213 b.3:2 c. 4:1 d.5:3 
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III. Which of the following orbits of hydrogen atom sho 
have the values of their radii in the ratio of 1:4? SM 


a. K and L b. L and N 
c. Mand N d. (a) and (b) are correct 
IV. If a 1 then the correct expression fo 
à a= ; ‘ 
An^ me^ r calculation 


of the circumference of the first'orbit of hydrogen atom j 
$ 


_V4h? na b. 27r 
Ji ife d. (a) and (c) are correct 


I. c. ron 
LR<Q<3<N% 
IL b. Here n is a constant, therefore 
A = zu = E 2312 
n Z2 
III. d. a. Ratio of radii of orbits K and L 


b. Ratio of radii of orbits L and N 


2 2 
AU 5 4:16 0rl:4 


IV. d. Circumference = 2nr 


Thus 2x mx hx aor V4nha or NUS Ta 


4.25 BOHR-SOMMERFELD'S ATOMIC 
THEORY 


When atomic spectrum was studied using high resolution 
spectrographs, each line was found to consist of a number of 
closely spaced lines. This finer structure of spectrum could net 
be explained on the basis of Bohr's concept of circular orbits. 
Sommerfeld in 1915 extended Bohr's model by proposing that 
electrons in an atom have eliptical orbits. An ellipse has a major 
axis and a minor axis. A circle is a special case of ellipse wher 
the major and the minor axes are of the same length. In order te 
represent the motion of an electron in eliptical orbit, two quantum 
numbers are needed in place of one employed by Bohr. This new 
quantum number has been called azimuthal quantum number an 
is denoted by k. mE 


n=3 k 
k=3 
Fig. 4.21 Bohr-Sommerfeld orbits for n = 3 


" 


The principal quantum number n determines the length of 
jot axis, and the azimuthal quantum number k determines 


the ae ih of the minor axis. It can be shown that 
the 


, Length of major axis 
M ees 


; Length of minor axis 


The possible values of k range from 1 to 7; all are integral 
alues. Thus, when n = 3, k= 1, 2, and 3. When n = k, the orbit is 
, cular, Thus, for the third energy level, three orbits are possible, 
circular and two elliptical, as shown in Fig. 4.21. 


Applying the principle of quantization of momentum to the 
electron moving in an elliptical orbit, Sommerfeld deduced the 
energy of the electron in the hydrogen atom as 


: 
2x e*m 

| ue 113 
ái (n+ky h 


Thus. we find that the energy depends not only on the 
principal quantum number n but also on the azimuthal quantum 
number Å. The frequency of the radiation emitted as a result of 
gansition of an electron from a level of energy E, to a level of 
energy E, (E, < Ej) would, therefore, vary depending on the various 
values ofk, and as a result, a group of closely spaced lines would 
appear instead of a single line in the spectrum of hydrogen atom 
or hvdrogen-like atoms. 

The concept of Sommerfeld postulates the existence of sub- 
energy level for electron in each of the principal energy levels of 
the atom. 


4.25.1 DRAWBACKS OF SOMMERFELD'S MODEL 
Experimental observation and theoretical treatment based wave 
mechanics show that the different values of azimuthal quantum 
number are: 0, 1, 2, 3, ..., (n — 2), (n — 1) (total n values) and 
not 1, 2, 3... (n — 1), n. The new quantum number beginning 
with zero and ending at (n — 1) has been represented by /. Thus 
land k are related as: l= k — 1 and / = 0, 1,2, ..., (n - 1). 

Sommerfeld's theory cannot give the correct number of lines 
observed in the fine structure. Moreover, it gives no information 
about the relative intensities of the ‘five lines’. Further, the exact 
definition of position and momentum is contrary to the uncertainty 
principle. 


4.26 DUAL BEHAVIOUR OF MATTER 


In order to overcome the shortcomings of Bohr’s model, several 
attempts were made to develop a more suitable and general model 
for atoms. Louis de Broglie in 1929 and Heisenberg in 1927 gave 
two important theories which contributed significantly to the 
formulation of such a model. 

In 1924, a French physicist Louis de Broglie proposed that 
Matter, like radiation, should also exhibit dual behaviour, i.e., 
both particle and wave-like properties. This means that just as the 
Photon has momentum as well as wavelength, electrons must also 
have momentum as well as wavelength. According to de Broglie, 
the wavelength &. of an electron is inversely proportional to the 
momentum (P) of a material particle. 


l h h 
Ax — x i es 
P or À 


P mv 


e 4.43 
city, 
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| i = velo 
where h = Planck’s constant; m = mass of the particle, v 
and P = Momentum. 


4.26.1 RELATION OF DE BROGLIE WAVELENGTH (A) 
WITH KINETIC ENERGY (E) OF THE PARTICLE 


It is mentioned here that wavelength of the de Broglie wave can 
also be related to the kinetic energy (E) of the particle. 


E= z mv? (1) 
2 

mE = Dus ...(il) 

mv? = 2mE 

or mv = (2mE)'? ..-(J11) 

Substituting this value of mv in de Broglie equation, we get 

A= A = h (av) 
my (2mE)'? 


If a charged particle carrying charge Q coulomb is 
accelerated by applying a potential difference of V volt, then the 
kinetic energy of the particle is given by the relation 


E=(QxV)]J 
Substituting this expression in expression (iv), we get 
h h 


2mE | QmQvy? =) 


_A.26.2 DIFFERENCE BETWEEN ELECTROMAGNETIC 


WAVES AND MATTER WAVES 
The waves associated with material particles or objects in motion 
are called matter waves or de Broglie waves. The matter waves 
are significantly different from electromagnetic waves. The main 
differences are listed in Table 4.8. 


Table 4.8 Difference between electromagnetic waves and matter waves 


= Matter waves 


These waves are not 
associated with any field. 


Electromagnetic waves 


These waves are associated 
with electrical and 
magnetic fields. 


These waves can be 
emitted or radiated in 
space. 


Matter waves are neither 

radiated into space nor 

emitted by the particle. 

These are associated | 
with the particle, 

The velocity of matter 

waves is different trom 
that of light and all 
matter waves travel with 
ditferent velocities. 


All electromagnetic waves 
travel with the speed of 
light (3.0 x 105 m s~’). 


The wavelength of electro- 

magnetic waves is given ter waves is given by 
c h h h 

by \=-=— =—=— 

v. mc mv P 


The wavelength of mat- 


4.26.3 SIGNIFICANCE OF DE BROGLIE WAVES 


Unlike particles, waves do not occupy a well-defined position in 
space and are delocalised; hence, the wave character puts some 
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position of an electron or 
o de Broglie, every object 
lengths associated with 
r large masses that 


restrictions on precisely expressing the 
other small moving particles. According to 
in motion has a wave character. The wave 
ordinary objects are so short because of thei 
their wave properties cannot be detected. 

Il of mass 0.1 kg moving with a velocity 


For example, a ba 
10-34 m. It is too small 


of 10 m s^! has a wavelength of 6.626 x 
to be detected. Therefore, such bodies have predominantly 
particle character. The wavelengths associated with electrons and 
other subatomic particles with very small masses are associated 
with observable length and can be detected experimentally. For 
example, an electron moving with a velocity of 6.0 * 106 m s^! is 
associated with a wave of wavelength 1.21 x 10-!° m or 121 pm. 


4.26.4 EXPERIMENTAL VERIFICATION OF THE DUAL 
` CHARACTER OF ELECTRONS 
a. Verification of wave character 


i. Davisson and Germer’s experiment: Davisson and Germer 
in 1927 observed that when a beam of electrons is allowed 
to fall on the surface of a nickel crystal and the scattered 
or the reflected rays are received on a photographic plate, 
a diffraction pattern (consisting of a number of concentric 
rings) similar to that produced by X-rays is obtained. Now, 
since X-rays are electromagnetic waves, i.e., they are 
confirmed to have wave character, electrons must also have 
wave character. Moreover, the wavelength determined from 
the diffraction pattern is found to be very nearly the same 
as calculated from de Broglie equation. This further lent 
support to the de Broglie equation. 


Diffraction 
pattern 


Beam of 
electrons 


Gold 
foil | Photographic 


Fig. 4.22 Electron diffraction experiment by Davisson and Germer 


ii. Thomson's experiment: G.P. Thomson in 1928 performed 
experiments with a thin foil of gold in place of nickel 
crystal. He observed that if the beam of electrons, after 
passing through the thin foi] of gold, is received on the 
photographic plate placed perpendicular to the direction of 
the beam, a diffraction pattern is observed as before. This 
again confirmed the wave nature of electrons. 


Diffraction 
pattern 


Beam of 
electrons 


Gold 
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Fig. 4.23 Thomson experiment 
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b. Verification of the particle character: The Partie], 
character of electrons is proved by the fact that When a 
electron strikes a zinc sulphide screen, a spot of light, know, 
as scintillation, is produced. 
Since scintillation is localised on the zinc sulphide Screen 
the striking that electron that produces it also must b: 
localised and is not spread out on the screen. But the 
localised character is possessed by particles. Hence, 
electrons have particle character. 
Further experiments such as Thomson's experiment fo, 
determination of the ratio of charge and mass (i.e., e/m), 
Millikan oil drop experiment for determination of charge 
on electron and black body radiation also show that 
electrons have particle character. 
The most important application of de Broglie concept is in 
the construction of electron microscope, which is used in 
the measurement of objects of very small size. 


4.26.5 DERIVATION OF BOHR'S POSTULATE oF 
ANGULAR MOMENTUM FROM DE BROGUE 


EQUATION 

According to Bohr's model, an electron revolves around the 
nucleus in circular orbits. According to de Broglie concept, the 
electron is not only a particle but also has a wave character. Thus 
in order that the wave may be completely in phase (Fig. 4.24), the 
circumference of the orbit must be equal to an integral multiple 
of wavelength (A), i.e., 2r = nA, where r is the radius of the orbit 
and n is an integer. 


(a) (b) 
Fig. 4.24 Wave (a) in and (b) out of phase 


h 
But A = = (de Broglie equation) 


h 
Or myr = n — 
2n 


which is Bohr's postulate of angular momentum 


4.27 HEISENBERG'S UNCERTAINTY 
PRINCIPLE 

l'or macroscopic objects, both the position and velocity can 
be determined accurately at any instance. Hence, the paths oF 
trajectories of such bodies can be predicted a Howevel, 
as an accurate measurement is not possible for subatomic 
paneles such as electrons. Hence, it is not possible to talk of 
trajectory of an electron. Werner Heisenberg, a German physicist, 


in 1927 put forw 
ma ard this fact known as Heisenberg’s uncertainty 


» 


r and radiation. It states that it is impossible to determine 
aneously the exact position and exact momentum (or 
) of an electron. 


atte 
simult 
veloci . . í 
Mathematically, it can be given as: 


rere 
Ax X Ap è An 


A( n ) 2 : 
- x mv) 2 
or AX 


h 
4nm 
where Av is the uncertainty in position and Ap (or Av) is the 
uncertainty in momentum (or velocity) of the particle. If the 
position of the electron is known with a high degree of accuracy 
(Av is small), then the velocity of the electron will be uncertain 
(Avis large). 


or Ax X Av 2 


4.27.1 EXPLANATION OF HEISENBERG'S 
UNCERTAINTY PRINCIPLE 


The basis for the above principle may be understood from the 
following discussion: 


Suppose we attempt to measure both the position and 
momentum of an electron. To pinpoint the position ofthe electron, 
we have to use light so that a photon of light strikes the electron 
and the reflected photon is seen in the microscope. As a result of 


the hitting. the position, as well as the velocity, of the electron is 
disturbed. 


Electron 
Microscope 


Electron 


Original path 
Kk 

Expected path N 
\ 


\ 


Fig. 4.25 The change ín the path of electron by a photon of light 


But according to the principle of optics, the accuracy with 
Which the position of a particle can be measured depends upon 
the wavelength of light used. The uncertainty in position is +A. 
The shorter the wavelength, the greater the accuracy. But shorter 
Wavelength means higher frequency and, hence, higher energy. 
This high energy photon, on striking the electron, changes its 
speed as well as direction. 

Alternatively, shorter wavelength implies higher momentum 
(as À = h/p, i.e., p = h/X). Thus, photon will have a higher 


This principle is a direct consequence of dual behaviour of 
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— —— HIS i j e 
t indefinite amount of it n i 
M is will res 
transferred to the electron at the time of collision. This d other 
in a greater uncertainty in the velocity of the electron. Ont : ips 
hand, decreasing the momentum means increasing the wavelengm, 
which will lead to a greater uncertainty in position. 


momentum, and a larger bu 


4.27.2 SIGNIFICANCE OF UNCERTAINTY PRINCIPLE 


One of the important implications of the Heisenberg uncertainty 
principle is that if rules out the existence of definite paths 
or trajectories of electrons and other similar particles. The 
trajectory of an object is determined by its location and velocity 
at various moments. If we know where a body is at a particular 
instant and if we also know its velocity and the forces acting on 
it at that instant, we can tell where the body would be some time 
later. We, therefore, conclude that the position of an object and its 
velocity fix its trajectory. Since for a subatomic object such as an 
electron it is not possible simultaneously to determine the position 
and velocity at any given instant to an arbitrary degree of precision, 
it is not possible to talk about the trajectory about an electron. 

The effect of Heisenberg uncertainty principle is 
significant only for the motion of microscopic objects and 
is negligible for that of macroscopic objects. This may be 
illustrated in the following examples. 

If the uncertainty principle is applied to an object of mass 
say about a milligram (10% kg), then 


-34 
Ryo e h  6.626x10 EE 
4mm  4x3.1416x10 ' kg 
The value of Av x Ax obtained is extremely small and 
is insignificant. Therefore, one may say that in dealing with 


milligram-sized or heavier objects, the associated uncertainties 
are hardly of any real consequence. 


8 4 -1 
x10 ^ m's 


In case of a microscopic object like an electron Av.Ax 
obtained is much larger and such uncertainties are of real 
consequence. For example, for an electron whose mass is 
9.11 x 10! kg, according to Heisenberg uncertainty principle 


h | | 6626x10^ 
4x3.14x9.11x 10^! 

The value is quite large and cannot be neglected. For 
example, if the uncertainty in position of the electron is 102 m, 
then the uncertainty Av in velocity will be 

107 m^"! 

10% m 
which is so large that the classical picture of electrons moving 
in Bohr's orbits (fixed) cannot hold good. It, therefore, means 
that the precise statements of the position and momentum of 
electrons have to be replaced by statements of probability that 
the electron has at a given position and momentum. 


x l0*ms! 


4.27.3 WHY ELECTRON DOES NOT EXIST IN NUCLEUS 
The radius of the nucleus is of the order of 10 ^ cm, and thus, the 
uncertainty in position of the electron, (i.e., Ax), if it is within the 
nucleus, will be 10-1? em. 


h 
Now Ax: Av 2 —— 
4mm 


a52 
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in; 


6.626 x 1077 
— 4x3.14x9.108 x 107 x 197? 


-579 x l0? ems! 


i.e., the order of velocity of the electron will be 100 times greater 


than the velocity of light, which is impossible. Thus, possibility 
of the electron to exist in the nucleus is zero. 


4.28 REASON FOR THE FAILURE 
OF THE BOHR MODEL 


After the success of the de Broglie principle of wave-particle 
duality of an electron and Heisenberg uncertainty principle, the 
Bohr model was completely disregarded because in this model, 
the wave character of the electron is not considered and it also 
contradicts Heisenberg uncertainty principle. In the Bohr model, an 
orbit is a clearly defined path, which means that both the position 
and the velocity ofthe electron are known exactly at the same time, 
which contradicts Heisenberg uncertainty principle. 


What will be the wavelength of a ball of mass 0.1 kg moving 
with a velocity of 10 ms-!? 


HEB; o2 69261071 


mv  (0.1kg) (10 ms!) 
= 6.626 x 107^m 


The mass of an electron is 9.1 x 1073! kg. If its K.E. is 3.0 x 10-25 
J. Calculate its wavelength 


‘Sol Since K.E. = Lm? 


m 9.1 x 10?! kg 
= 812 ms"! 
mv (9.1 10?! kg) (812 ms”) 


= 8967 x 10 m = 896.7 nm 


Calculate the mass of a photon with wavelength 3,6 A. 


MMR -364-367 10 "mM 


Velocity of photon = Velocity of light 


(J =kg m’s*) 


-— 6.626 » 10 Jy 
moe OXI a OO 
^v. 6x10 m) (3 x 108 ms!) 


= 6.135 x 10 kg 


| 
What is the ratio of the velocities of CH, and O, Molecule 


so that they are associated with de Broglie waves of e 
wavelength? 


US) From the de Broglie relationship 


Qua] 


| 14, 
mv h 
For CH, Acu = i 
lid Mon, * Veg, “(i 
h 
For O,, ho, zs mo, " Yo, (ii) 


Wavelength of CH, and O, is equal, hence 
h h 


The velocity of CH, molecule is two times the velocity of 
O, molecule. 


Which of the following is associated with a de Broglie wave 
of longer wavelength—a proton or an electron having same 
velocity? 


DV rok eae 


Sol. The wavelength of the de Broglie wave associated with a 
particle is inversely proportional to the mass of the particle. 
Since the mass of electron is less than that of proton. 


wavelength of the de Broglie waves associated with the 
electron will be more. 


A microscope using 


| Suitable photons is employed to locate 
an electron in an atom Within a distance of 0.1 A. What is the 
uncertainty involved in the measurement of its velocity? 


"s h 
Ax x Ap = — 
Fil ax x ap - È 
h 
or Av x mAy = — 
4n 
h 
4n x Axxm 


7 6.626 x 10 Js 


4x3.I4xIx10 m9 11. 107 ko 
= 0.579 x 10’ ms! 
= 5.79 x |Q* ms! 


A golf ball has a mass of 40 8 and a speed of 45 m s-!, If the 


speed can be measured with an accuracy of 2%, calculate the 
uncertainty in the position, 


Av= 


(1J = Ikg m?s~) 


I 
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nel EE ÉL on 
n = = 40 x 10^? k | 
nso t in e d g oh b. AE At2— 
The uncertainty 1n the spee » : 
: 1 


xz 0.9 m S h 
100, z c. Ax Ap 2— 
so the uncertainty in position p 


h h 


h 
y= 45 , AE At 2— 
M d p 


Ax = an Ap ~ Anm Ay h 
34 l. b. Ao = cad 
6.626 x 107" Js MaYa 
Se MP RES 
Ax 3.14 x (40x 107 kg) x (0.9 ms !) Ww h 
= 1.46 X 1073 m á m,vy, 
| 1h 
' : : m m, Ve m, Va 
What is the minimum product of the uncertainty in position and "T | 4 " 
the uncertainty 1n momentum of a moving electron? v= - c= 1840 x V, Me = 3840 ^ 
‘Soh The minimum product of two uncertainties is equal to 1/47. Il. (a,b) 
E e 9 
h 
a. Ax Ap2 — 
4n 


b. We know that 
2 

Ax 
—ÁÀ 


ifthe uncertainty in the position of a moving electron is equal to 
its de Broglie wavelength, then its velocity will be completely 


uncertain. Explain. a 
Given that the uncertainty in position (Ax) is equal to E Ax? T 
de Broglie wavelength (A), i.e., Ax =A. or AEN = mo " 


But according to de Broglie equation, 


h 
ohh Ax Ap > n 
' m op 
or Ax AV 2 — 

or Ar = E (Given condition) . 

P > Axm-——2 Ais 
According to Heisenberg uncertainty principle, At 4n 

h Ax! h , 

(Ax)(Ap) 2-7 = d riam adi) 
( h` : h On comparing (1) and (11), we get 
| P) An h 


AE At > — 


" r 4n 
- V , 
ip Fes, Ta MC K PAN M $ 


An electron is accelerated through a potential difference of 
V volts. Find the de Broglie wavelength associated with the 


Ap 3 | electron. 
P 2 p DEPT . 
v 4n Sol, ) When the electron is accelerated through a potential 
difference of V volts, it acquires a kinetic aie 
vahvan volts, it acquires a kinetic energy given by 


E = qV, where q is the charge on the electron. Also, if m is 
its mass and v is its velocity, then 


l 3 
E =— mv” - 
2 


I. An electron with velocity v is found to have a certain value 


of de Broglie wavelength. The velocity that the neutron —y- ae 

should possess to have the same de Broglie wavelength is m 

Ex b. v/1840 And de Broglie wavelength 
c. 1840y 


d. 1840/v TERME: 


II. The mathematical expression for the uncertainty principle mv 
is 
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Calculate the retarding potential to be app i 
to increase its de Broglie wavelength from 1.75 A to 2.25 A? 


lied to an electron 


| Son Wavelength change = 2.25 — 1.75=0.5A | 


hc | 6.626x10 M gx 3x10" ms” 
Energy decrease = rE sog Ooh 
= 3,975 x 10-5 J 
ev, =F 
(1.6 x 10-19 Cy, = 3.975 x 1077 


z» -1S 
= 2975x107" L 24843.75 Volt 
j 16x107! 
It looks very much logical to do in this way. But the mistake 
here is that A = c/v is applicable to only electromagnetic 
waves and not particle waves. The correct method is as 
follows: 


l a 
Ai = zm — v3) 


Li[( Y (Y 
2 es mÀ» 
i wiry (47). æ 
7 un 19 
= —m-—-- — — e 0.1289 x10 
2 m B (+) m i 


AE _ (6.626x10™ J s)? x (0.1289 x 10? m? 


oe (2x 9.1x107! kg) (1.6 x 107’? C) 
= 1.943 Volt 


Calculate the uncertainty in the position (Ax) of an electron if 
Av is 0.1%. Take the velocity of electron = 2.2 x 106 m s^! and 
mass of electron as 9.108 x 10?! kg. 


NEED) Given, Av = 0.1% of the velocity of the electron 


- 4224105222410 ms" 


y 
II 


6.63x10 4 Js 
473.1479.108«10 ? kgx2.2x10 ms! 
= 0.026247165 7» 10^ m 
= 262.4765 » 10 1? m 
Since Ax is much longer than the atomic diameter 
(1071? m), the uncertainty principle is applicable in this 


Or Ax — 


case. 


I. If a light of wavelength X hits the moving electron, the 
uncertainty in measurement of its position will be 


a. Greater than 7. b. Less than A 
c. Equal to X. d. Any value 


Il. 


IV. 


VI. 


IV. 


—— 
—À. 


If the uncertainty in the position of an electron is zero, the 
uncertainty in its momentum be e 
a, Zero b. = c. "i d. Infinity 

If E,, E, and E, represent respectively, the kinetic energie. 
of an electron, an alpha particle, and a proton each having 
same de Broglie wavelength, then 

a. E, > E47 E, b. E, > E> E; 

c. E, « E, E, d. E,— E,- E. 

The uncertainty in position of an electron is equal to its de 
Broglie wavelength. The minimum percentage error in it; 
measurement of velocity under this circumstance will be 
approximately 

a. 4 b. 8 c. 22 d. 18 

If the energy of a photon of frequency v is given by E 
= hy where h is Planck's constant and the momentum of 
photon is p = A/A, where A is the wavelength of photon, 


then the velocity of light is equal to: 


a. E b. á c. Exp d. (=) 
P P T 

An electron is continuously accelerated in vacuum tube by 
applying potential difference. If its de Broglie wavelength 


is decreased by 196, the change in the kinetic energy ofthe 
electron is nearly 

a. Decreased by 1.0% b. Increased by 2.0% 

c. Increased by 1.0% d. Decreased by 2.0% 


c. Equal to à 
. d. Infinity 
.8a. E > EE, 


l 


K.E £ ——— ——— ———- 
Mass of particle 


b. de Broglie wavelength (A) — 


|e 
~ | > 


or Ax (uncertainty in position) = 


v 4n 


'". % (uncertainty in velocity) = [24 = " x 100 = 875 
v T 


b. Given E=hv or hy ad) 
À 


but A = id (given) (2) 
p 


substituting equation (2) in (1), we get 


| ity) — 
: ocl — 
or v (V€ p 


yi. b ^* KE KE, A, 
> KE, = (0.99)? KE, = 1.02 KE, 
KE, - KE, 


2 


% change in KE = x 100 = 2% 


hich of the following situations, the heavier of the 
articles has smaller de Broglie wavelength? The two 


J. In W 


two p 
particles 
a. Move with the same speed 


b. Move with the same linear momentum 
c. Move with the same kinetic energy 
d. Have fallen through the same height 
IL. The ratio of the de Broglie wavelength of a proton and 
a-particles will be 1 : 2 if their 
a. velocity are in the ratio 1 : 8 
b. velocity are in the ratio 8 : 
c. kinetic energy are in the ratio 1 : 64 
d. kinetic energy are in the ratio 1 : 256 


III. Ifuncertainty in the measurement of position and momentum 
ofan electron are equal then uncertainly in the measurement 
of its velocity is approximately: 
a.8x10? ms! b. 6x 10? ms"! 
c.4x 10? m s? d.2x10ms! 


lb Ro Um e 


mv hg 2 (m), 1 


KE, 1/2mpV," 8? 
DP es Fe S 2164 
KE, 1/2mpV,° 4 

Ill. a. Heisenberg's uncertainty principle is 


Ax Ap pt Given Ax = Ap = mAv 


4n 
— Ap > P iem Avz [o 
4n 4n 
= Ayo | 28x10? ms” 
m NV 4n 


S 
CONCEPT APPLICATION EXERCI 


Objective Type 
1. The ratio of the energies of phot 
2000 Å and 4000 Å is 
(1)2 (2)4 (3) 1/2 
2. Bohr’s atomic model can explain 
(1) The spectrum of hydrogen atom only 
(2) The spectrum of an atom or ion contai 


ning one electron 


only 
(3) The spectrum of hydrogen molecule 
(4) The solar spectrum. 

3. The wavenumber of the first Balmer line of Li 
136800 cm-!. The wavenumber of the first line of Balmer 
series of hydrogen atom is (in cm!) 

(1) 68400 — (2) 15200 (3) 76000 (4) 30800 

4. If the uncertainty in the position of an electron is zero, the 

uncertainty in its momentum will be 


2+ jon is 


(1) < $ (2) > L3 (3) Zero (4) Infinity 
4n 4n 


5. If the following matter waves travel with equal velocity, 
the longest wavelength is that of a/an 
(1) Electron (3) Proton 
(3) Neutron (4) a-Particle 


6. Which of the following postulates does not belong to Bohr’s 


model of atom? 
(1) Angular momentum is an integral multiple of h/27. 


(2) The electron stationed in the orbit is stable. 
(3) The path of an electron is circular. 
(4)The change in the energy levels of electron is continuous. | 


ANSWERS 
Objective Type 
1. (1) 2. (2) 3. (2) 
\ 44 5. (1) 6. (4) 


4.29 QUANTUM MECHANICAL 
MODEL OF ATOM 


Classical mechanics, which is based on Newton's law of motion, 
successfully describes the motion of all macroscopic objects such 
as moving car, falling stone, orbiting planets, etc. These objects 
have essentially a particle-like behaviour. However, it failed 
when applied to microscopic objects such as electrons, atoms, 
molecules, etc. This is because these microscopic properties 
have both observable wave-like and particle-like properties and 
classical mechanics ignores the concept of dual behaviour of 
matter, especially for subatomic particles, and the uncertainty 
principle. In order to explain the behaviour of electrons and other 
microscopic particles, a new branch of science called quantum 
mechanics was developed. 

Quantum mechanics is a theoretical science that deals with 
the study of the motions of microscopic objects that have both 
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observable wave-like and particle-like properties. It specifies the 
laws of motion that these objects obey. When quantum mechanics 
is applied to macroscopic objects (for which wave- like properties 
are insignificant), the result are same as those from classical 
mechanics. 

Quantum mechanics was developed independently in 1926 
by Werner Heisenberg and Erwin Schrödinger. Erwin Schrödinger 
described the behaviour of electrons around the nucleus by a 
mathematical equation known Schrédinger wave equation. 

The Schródinger wave equation for the wave motion of an 
electron in an atom moving in three-dimensional space is 


2 2 


à? ð? & 
where x, y, and z are space coordinates, m is the mass of the 
electron, / is Planck's constant, E is the total energy, and V is 
the potential energy of the electron, y (Greek letter psi) is the 


amplitude of the wave, called the wave function and ^y / ax? 
refers to the second derivative of y with respect to x only and so on. 

Sometimes the Schródinger wave equation is written in 
the form 

H v — Ey, 
where H is the total energy operator called the Hamiltonian 
operator. The Hamiltonian operator is the sum of kinetic energy 
operator (T) and potential energy operator (y) i.e., 

H=T+E 

Substituting the value of H inthe above equation, we get 


2 42 2 2 
9v Tz RN pem (E -V)y 20 
1 


(f-P)w =Ey 

This equation is solved to get the value of E and v for 
the svstem. Thus, the quantum mechanical study of any system 
involves the following: 

a. Write the Schródinger wave equation for the system. 

b. Solve the Schródinger wave equation to get acceptable 
solutions to wave functions and their corresponding energies. 

c. The wave function contains within it all possible information 
that can be known about a system. 

d. The observable properties of the system are then calculated 
from y. 

Acceptable solutions to the wave equation, that is physically 
possible solutions, must have certain properties: 

a. w must be continuous. 

b. w must be finite. 

c. y must be single valued. 

d. The probability of finding the electron over all the 
space from plus infinity to minus infinity must be equal to 
one. 

The probability of finding an electron at a point (x, y, z) is 
wy’. So. 
+O 
f y? dx dy dz =1 


Several wave functions called y,, y,, V5, ..., Will satisfy 


Yp V5, etc., is called an orbital, by analogy with the orbits in 
theory. In the hydrogen atom, the single electron occupies ^ 
lowest energy level Æ, called ground state. The correspon, 
wave function y, describes the orbital, that is the volume in : In 
where there is a high probability of finding the electron. Pace 
There are a number of acceptable solutions to the " 
equation and each orbital is described by three quantum Babe 
n, l, and m. ers 


4.30 HYDROGEN ATOM AND THE 


SCHRODINGER EQUATION 


Quantum mechanical treatment of the hydrogen atom, A 
hydrogen atom is the simplest chemical system consisting of One 
proton and one electron. Assuming that the electron moves a, à 
distance r around the stationary nucleus, the nucleus can be taken 
as the origin of a coordinate system. The Schrédinger equation 
for the hydrogen atom can be written in terms of the Cartesian 
coordinates (x, y, z) or in terms of the spherical polar coordinate, 
(r, 0, 9) of the electron with respect to the nucleus. Since an ator, 
has spherical symmetry, it is more convenient to write Schrödinger 
equation in terms of polar coordinates. The relationships between 
the two coordinate systems are shown in Fig. 4.26. 


pe Electron 


TOS Z 
l 


Fig. 4.26 Relationship between Cartesian (x, y, z) and 
polar coordinates (r, 9, ọ) 


The coordinates x, y and z of the electron with respect to 
nucleus in terms of polar coordinates are given by: 

x=r sin 0cos o 

y=rsin 6 sing 

z=rcos 6 

x? +y? +2 =r 

When the Schrödinger equation in polar coordinates i5 
solved for the hydrogen atom, it gives the possible energy states 
and the corresponding wave function [y (r, 0, @)] (called atomic 
orbitals or hydrogenic orbitals, which are in fact the mathematical 
function of the coordinates of the electron associated with each 
energy state). It can be shown that an atomic orbital is the product 
of two factors: (i) the radial part, dependent on r and (ii) the angular 
part, dependent on 0 and q. The quantized electronic states of the 
hydrogen atom are given by 

- m,e“ 


E = —2.2 3 (in SI units) 
8g n 


these conditions to the wave equation and each of these has a 


i . : . anf us in 
corresponding energy E,, E,, Ey, .... Each of these wave functions where m, is the mass of electron in kilogram, e is its charge 


coulomb, / is the Planck’s constant, and z is the principal quantum 


"m 
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It is interesting to note that the electronic energy of 
number en atom depends only on n and is independent of | and m. 
(he ij irm quantised energy states and corresponding wave 
a vhich are characterised by a set of three quantum 


5 (principal quantum number 7, azimuthal quantum 


-ictions on the values of these three quantum numbers also 
jon naturally from this solution. The quantum mechanical 
n io the hydrogen atom successfully predicts all aspects of 
pipe atom spectrum and other phenomena that could not 
a explained by the Bohr model. 

'" The quantum mechanical approach has gained wide 
acceptance as the results obtained are in excellent agreement with 
experimental findings. In particular, the Schródinger equation is 
very well suited to interpret the experimental information about 
he structures of atoms and molecules. 

The Schródinger equation cannot be exactly solved for a 
multi-electron atom. However, solutions with reasonable accuracy 
can be obtained using approximate methods. The total wave 
function of a multi-electron atom can be constructed from atomic 
orbitals having different energies. These atomic orbitals are the 
functions of coordinates of a single electron and their angular 
part has the same form as that for the hydrogen atom depending 
upon / and m, values. However, their radial part 1s different and 
also takes into account the mutual repulsion between the electrons 
and depends on n, /, and charge Z on the nucleus. According to 
the quantum mechanical model of atom, these atomic orbitals 
form the basis of the electronic structure of atoms. In a multi- 
electron atom, the electrons are filled in various orbitals in order 
of increasing energy. 


4.30.1 IMPORTANT FEATURES OF THE QUANTUM 
MECHANICAL IVIODEL OF ATOMS 
The quantum mechanical model of atom is the picture of the 
structure of the atom, which results from the application of the 
Schródinger equation to the atom. The important features of the 
quantum mechanical model are listed below: 
a. The energy of an electron in an atom is quantised, i.e., the 
electron can have only certain specific values. 
b. The existence of quantised electronic energy states is a 
direct consequence of the wave properties of electrons and 
are acceptable solutions to the Schródinger wave equation. 
- The exact position and velocity of an electron in an atom 
cannot be determined simultaneously. Therefore, it is not 
possible to determine the exact trajectory of the electron. 
Hence, we consider the probability of finding the electron 
at different positions in the atom. 
The wave function y for an electron represent an atomic 
orbital in an atom. Since many such wave functions are 
possible for an electron, there are many atomic orbitals in 
an atom. In each orbital, the electron has a definite energy. 
An orbital cannot contain more than two electrons. 
The wave function y is the storehouse of all information 
about an electron in an atom, and by quantum mechanics 
one can extract this information out of y. 


lectron at a point within 
are of the orbital wave 
probability 


f. The probability of finding an e 
an atom is proportional to the squ 
function (y)? at that point. (y)? is known as the 
density and is always positive. | " 

Significance of wave function: Mathematically, V !5 a ui 
e equation can be solved. 
wave at 


f light is 
similarly 


of the wave equation with which th 
Physically, w represents the amplitude of an electron 
any time. Just as in case of light wave, the intensity O 
proportional to the square of the amplitude of wave, ; 
in case of electron wave, the square of the wave function (W ) 
represents the intensity of an electron at that point. In other 
words, y? determines the probability of finding the electron per 
unit volume in a given region of the space around the nucleus. 
Therefore, as we consider the electron in terms of the probability of 
it being present in a space, v? is called probability density and V is 
called probability amplitude. The Schródinger wave equation Is a 
second order differential equation. Thus we may obtain any values 
of y. But all the values of y may not be significant. The significant 
values of w are called eigen functions, and the corresponding 
energy values are called eigenvalues. 


4.31 CONCEPT OF ORBITALS 


Bohr's concept of well-defined orbits along which electrons 
revolve around the nucleus in an atom is ruled out with the 
consequence of Heisenberg uncertainty principle. According to 
this) it is not possible to determine precisely the position and 
momentum of an electron in an atom. In the quantum mechanical 
model, we talk about certain regions in the space around the 
nucleus where the probability of finding the nucleus is maximum. 
Such regions are expressed by mathematical expressions and are 
called orbital wave functions or commonly known as orbitals. 
Therefore, the wave equation leads to the concept of orbitals 
instead of well-defined circular orbits. 


An orbital may be defined as a region in the space around the 
nucleus where the probability of finding the electron is maximum. 

The probability of finding the electron does not become 
zero even at a large distance from the nucleus, although it may 
become negligible. Therefore, it is impossible to draw a boundary 
that will enclose the region of 100% probability of finding the 
electron. However, for the sake of simplicity, we draw arbitrarv 
boundaries that enclose the regions where the probability of finding 
the electron is maximum (about 90-95%). 


The electron density method is used to represent an orbital 
(Fig. 4.27). The intensity of dots represents the probability of 
finding an electron in a particular region. 


Orbit 
(b) 
Fig. 4.27 Representation of (a) electron density of an orbital and (b) 
Bohr orbit 
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In an atom, there are a large number of orbitals. These 
orbitals are quantitatively distinguished from each other by their 
shape, size, and orientation. An orbital of smaller size means there 
is more chance of finding the electron near the nucleus. Similarly, 
shape and orientation mean that there is more proba-bility of 
finding the electron along certain directions than others. 


The important differences between an orbit and an orbital 
are listed in Table 4.9, 


Table 4.9 Differences between orbit and orbital 


An orbital refers to the region 
of space having the maximum 
probability of finding an 
electron around the nucleus. 


An orbit refers to the | 
circular path in which 
an electron revolves 
around the nucleus. 


An orbital represents the 
motion of an electron around 
nucleus in three-dimensional 
space. 


| 2. Anorbitrepresents the | 2. 
motion of an electron 
around the nucleus in 
a plane. 


—LÓ———— 


An orbital can accommodate 
a maximum of two electrons. 


3. An orbit (7) can ac- | 3. 
commodate a maxi- 
mum of 2777 electrons. 


4. Orbits are designated 
as K, L. M, etc, or 
1, 2. 3 etc., from the | 


nucleus outwards. | 


Orbitals are designated as 


d, d, d 


P,, P. etc. 


5. Orbits are circular in 5. Orbitals have different shapes, 
shape. e.g., s orbitals are spherically 
symmetrical whereas p 

orbitals are dumb-bell shaped. | 


4.32 QUANTUM NUMBERS 


A large number of orbitals are possible in an atom. These orbitals 
are designated by a set of number known as quantum numbers. 
In order to specify size, energy, shape, and orientation of orbitals, 
three quantum numbers are required. These are principal quantum 
number (n), azimuthal quantum number (/), and magnetic quantum 
number (mc). In order to specify the electron, an additional quantum 
number, called the spin quantum number (S), is needed. Thus, each 
orbital in an atom is designated by a set of three quantum numbers 
while each electron is designated by a set of four quantum numbers. 
a. Principal quantum number (n): This is the most important 
quantum number as it determines the size and to large extent 
the energy of the orbital. For hydrogen and hydrogen-like 
species (He®, Li?*, ... ), energy and size of the orbital depend 
only on n. The average energy of the electron is directly 
proportional to the principal quantum number, i.c., /7 « n, 
As the energy is required in moving away the negatively 
charged clectron from the positively charged nucleus, the 
energy of the orbital will increase with an increase in n. The 
size of an orbital increases with an increase in the principal 
quantum number (size ~ n), In other words, for higher values 
of n, the clectron will be located away from the nucleus, 
The principal quantum number can assume any positive 
integral value of n (1, 2, 3...). It also identifies the energy 
level or energy shell, designated as K, L, M, N, ..., etc., 
corresponding to the number of n. 


b. 


The maximum number of electrons in a shell is Biven b 
Ym 


For example 


n l 2 3 4 

Shells K 

Maximum number 2 8 18 32 
electrons (272) T 
Azimuthal quantum number (D: It is also known , 
orbital angular momentum or subsidiary quantum Number 


This quantum number determines the angular Momenty 
of the electron and defines the three-dimensional sha 
the orbital. The value of / gives the sub-level or Sub-she} 
in which the electron is located. The number of Sub-she]r. 
within a principal shell is determined by the value of , fo, 
that principal energy level. For a given value of 5, / can have 
values ranging from 0 to n — 1. The number of sub-shel]s (I) 
in a principal shell is equal to the value of n. For example 
in the first shell (n = 1), there is only one sub-shell, Which 
corresponds to / = 0. For the second shell (n = 2), there are 
two sub-shells (/ 7 0, 1) and three (/ — 0, 1, 2) in the third shel] 
(n = 3), and so on. Each sub-level or sub-shell is assigned 
an azimuthal quantum number (/). They are represented by 
following symbols: 


Value of / 0 1 2 3 4 3 
Designation of sub-shell s p d f g h 

The names s, p, d, and fare derived from spectroscopic terms 
sharp, principal, diffuse, and fundamental, respectively. 


pe of 


The relation between the orbital angular momentum and 
azimuthal quantum number (7) is 


Orbital angular momentum 
h h 
= ver) = Ji - DA (a- 2| 
Table 4.10 shows the permissible values of / for a given 
principal quantum number and the corresponding sub-shell 
notation. 
Table 4.10. Sub-shell notations 


Magnetic quantum number (mj): The magnetic quantum 
number denoted by m, gives information about the spatia 
orientation of orbitals with respect to a standard set ? 
coordinate axes. These different orientations are called 
orbitals. The number of orbitals in a particular sub-shell! 
within a principal energy level is given by permitted values 


of i which in turn depend on the values of 7. Th 
values of m, range from + / through 0 to 
f2/+ 1 values, i.e., 


€ possible 
—/, thus making a 
total 0 


m=- A= 902) o OU, as DN, (L— 1,1. 
For | = 0 (i.e. s sub-shell), m, = 0, [2(0) + 1] 
that 5 sub-shell has only one orbital. 

For l= 1 (ie. p sub-shell), m, = —1, 0, + 1. [X(1) + 1] 2 3 
it means p sub-shell has three orbitals, | 
For / = 2 (i.e. d sub-shell), m, = —2, -1, 0, +1, 42 
(22) + L = 5. It means d sub-shell has five orbitals. 


The relation between sub-shells and the number of orbitals 
associated with them given below: 


table 4.11 Relation between sub-shell and orbital 


= 1. It means 


Value of / 


Sub-shell notation 


number (2/ + 1) of orbitals 


d. Spin quantum number (m ): In 1925, George Uhlenbeck 
and Samuel Goudsmit proposed the presence of the fourth 
quantum number and depicted it as the electron spin 
quantum number (m,). This quantum number does not 
follow from the wave mechanical treatment but arises from 
the spectral evidence. In the line spectra of multi-electron 
atoms, some of the lines actually occur in doublets (two 
lines closely spaced), triplets (three lines closely spaced), 
etc. All the three above-mentioned quantum numbers are not 
enough to explain the observations that can be explained by 
the spin quantum number. 

An electron in its motion around the nucleus also rotates or 
spins about its own axis as the earth spins around its own axis 
while revolving around the sun. Hence, the electron has, besides 
charge and mass, an intrinsic spin angular quantum number. 
Ihe spin angular momentum is depicted by the symbol 
H,- The values of u_ can be found out from the following 
expression: 


h 
= ./s(s +1)— 
H, ( ip 


Table 4.12 Quantum numbers and their significance 
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The spin angular momentum of the electro 
quantity—can have two orientations relative to the chosen 
axis. These two orientations have the values +1/2 or 1/2. 
These are called the spin states of the electron and are 
represented by two arrows: Î (spin up) and 4 (spin down) 
(Fig. 4.28). Two electrons that have different m, values 
(one +1/2 and other —1/2) are said to have opposite spins. 
An orbitals cannot hold more than two electrons, and these 
two electrons should have opposite spins. l 

The spin ofelectrons is responsible for most of the magnetic 
properties of atoms, molecules, or ions. Due to their spin, 
electrons behave as tiny magnets. If all the electrons in an 
atom or molecule are paired, they behave as a diamagnetic 
substance, i.e., it is weakly repelled by the magnetic field. 
On the other hand, if atoms or molecules of a substance have 
one or more unpaired electrons, it behaves as a paramagnetic 
substance i.e., it is weakly attracted by the magnetic field. 
The magnetic moment of a paramagnetic substance is 
related to the number of unpaired electrons in the species as 


Magnetic moment = (n + 2) -uz 
where u- Bohr magneton, a unit of magnetic moment 


n = Number of unpaired electrons 
The above magnetic moment is spin only magnetic moment. 


n—a vector 


Note: The spin quantum number can have only two values, 
namely, +1/2 and —1/2, which differ from each other by unity 
as the values of other quantum numbers do. 
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Fig. 4.28 Spinning of an electron about its own axis in clockwise and 
anti-clockwise directions. Clockwise and anti-clockwise 
spinnings of the electron produce magnetic fields 


Range of values Significance 


Quantum number EI Restrictions 
Principal quantum number n Positive integers 


| e AM NON Identifies shell, determines size and energy 
of orbital, number of orbitals in the nth 


shell = n? 


4—— 


Azimuthal quantum number l 
or Angular momentum 
quantum number or 
subsidiary or secondary 
quantum number 


Positive integers 
less than n 


0,1,2, (n- 1) 
Total possible values 
=h 


Identifies sub-shell; determines shape 
of the orbital, energy of orbital in a 
multi-electron atom along with» and orbital 


l (L-- Dh / 2n 
angular momentum, i.e., ed 


Magnetic quantum number 


—[ and +/ 


Half integers 


l l 
+—or-— 
2 2 


S 


E ntegers between 


= (2/ + 1) 


-Ito +, including 0 Determines orientation of the orbital 


Total possible values 


Determines orientation of the spin 


| 
| 


| 
| 
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What is the total number of orbitals associated with the principal 
quantum number n = 3? 


(Sol | For n= 3, the possible values of / are 0, 1 and 2. Thus there 
is one 33 orbital (n = 3, /= 0 and m, = 0); there are three 3p 
orbitals (n = 3, /= 1 and m, = —1, 9, +1); there are five 3d 
orbitals (n = 3, / = 2, and m, = 2, —1, 0, +1, +2). 

Therefor total number of orbitals = 1 +3 +5=9 
The same value can be obtained by using the relation; 


number of orbitals = n? i.e., 32 = 9 


Using s, p, d, f notations, describe the orbital with the following 
quantum numbers. 


a.n=2,/=1 b.n=4,/=0 

cn =5,/=3 d.n=3,/=2 
“Sol. n l orbital 

a. 2 1 2p 

b 4 0 4s 

eo» 3 5f 

d. 3 2 3d 


The principal quantum number n of an atomic orbital is 5. What 
are the possible values of /? 


“Sol. For the principal quantum number 5, the possible values 


Give the notation for the sub-shell denoted by the following 
quantum numbers: 
a.n=5,1=2 
c.n=4,1=0 d.n=5,1=4 


c. 4s d. 5g 


How many sub-shells are there in N shell? How many orbitals 
are there in d sub-shell? 


Sol For N shell, principal quantum number is n = 4. 
Number of sub-shells in an energy level = n 
-. Number of sub-shells in N shell = 4 
For d subshell, / = 2. 
Number of orbitals in a sub-shell = 2/ + | 
Number of orbitals in a d sub-shell = 2 x 2+ 1-5 


Give the sets of quantum numbers that describe an electron ; 
a 3p orbital. i 


"SONY In a 3p orbital, the principal quantum number (n); 
3, the azimuthal quantum number (/) is 1, the magnet), 
momentums are m, = +1, 0, —1, the spin quantum Dia. 
er 


(m,) is +1/2 or —1/2. 


What is the maximum number of electrons that can be 
accommodated 

a. In the sub-shell with / = 3? 

b. In the shell with n = 3? 

c. In an orbital with m, = +3? 


For a sub-shell / = 3, number of orbitals = 2/ + | = 
x3+1=7 
-. Number of electrons 2 x 7 = 14 
b. For a shell with n = 3, the number of orbitals is 
p] = 32=9 
<. Number of electrons = 9 x 2 = 18 
c. Orbital with m,=+3 corresponds to only one orbital and 
hence it can accommodate only two electrons. 
aps 


ey 
I 
SEAR Gm 


h of the following orbitals are not possible? 
2d, 4f, 4g, and 6d 


mx. 


Ne Ra: AT 


Whic 


‘Sol. 2d is not possible: for d sub-shell / = 2, when n = 2, / can 
be equal to 0 and 1. Hence, / cannot be 2 for n — 2 so that 
2d sub-shell is not possible. 

4f is possible: for f sub-shell / = 3, when n = 4, ] can be 
equal to 3. 

4g is not possible: for g sub-shell / = 4, when n = 4, 
l cannot be equal to 4. 

6d is possible: for d sub-shell / = 2, when n = 6, / can be 


equal to 2. 


What is the lowest value of n that allows g orbitals to exist? 


IOl) For g sub-shell, /= 4. The minimum value of n for which 


How many orbitals are possible in 
a. 4th energy level b. 5/'sub-shell 


a. In the fourth energy level, the value for the principal quantum 
number is 4. 
-. Number of orbitals in n = 4 is n? = 4? = 16 

b. In 5/'sub-shell, / = 3. 
-. Number of orbitals = (2/+ 1) 22x 3* 177 


DD 


l 


al angular momentum for an electron revolving in an 


The orbit , 
1 
rbit is given by JI ( +1) cr What is the momentum of an 
0 NX de T 
..clectron? 


rm For s electron, / has a value of 0. 


Thus the momentum of s electron is y0 (0 + 1) Ż =f 
n 


What is the difference in the angular momentum associated 
with the electron in two successive orbits of a hydrogen atom? 


The angular momentum of an electron in an orbit is an 
integral multiple of 4/27. Therefore, the difference in the 
angular momentum associated with the electron in two 
successive orbits of hydrogen atom is ///2r. 


What should be the value of the spin quantum number of the 
last electron in d? configuration? 


The value of spin quantum number (s) can be +1/2 or 
—]/2 because an electron can rotate on its axis either in 
clockwise or in anti-clockwise direction. But one quantum 
number depicts one electron and thus its value will be —1/2 
for d? configuration. 


What is the orbital angular momentum of a d electron? 


‘Sol Orbital angular momentum = y} (/ + 1) x 
T 


For d electron, / = 2. 


Orbital, angular momentum 
h h 
= J2 2+1) —=vV6 — 
) 21 2n 


A ATI 
-Fs $ : A 


What is the total spin and magnetic moment of an atom with 
atomic number 7? 


‘Sol The atomic number of the element is 7. So the electronic 
configuration is 1s*2s?2p? 
n 
I? 2% 2p 


Therefore, the number of unpaired electron is (7) 3. 


; 3 
Total spin of electrons = + is =+ d x3-t- 
2 2 2 


Magnetic moment of the element = (n+ 2)BM 


= 3(3+2)BM 
= J15BM 
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Atomic Struc 
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f for 
I. What is the total numbers of orbitals and electrons 


m = 0, if there are 30 protons in an atom? 
a. 7 orbitals, 14 electrons 
b. 6 orbitals, 12 electrons 
c. 5 orbitals, 10 electrons 
d. 3 orbitals, 6 electrons 
II. The quantum numbers +1/2 and —1/2 for the electron spin 
represent 


a. Rotation of the electron in clockwise and anti-clockwise 
directions, respectively 


b. Rotation ofthe electron in anti-clockwise and clockwise 
directions, respectively 


c. Magnetic moment of the electron pointing up and down, 
respectively 


d. Two quantum mechanical spin states which have no 
classical analogue 


III. Which of the following statements is correct? 
a. (n — 1)d sub-shell has lower energy than as sub-shell 


b. (n — 1)d sub-shell has higher energy than ns sub-shell 
c. (n + 1)d sub-shell has lower energy than nf sub-shell 
d. nf sub-shell has lower energy than (7 + 2)s sub-shell 


IV. The radial probability is the probability of finding 
electrons in a small spherical shell around the nucleus 
at a particular distance (r). Hence, radial probability is 


a. Ani? dr y? b. (4/3) rr dr y? 


d. 4nr dr y 


The configuration of the atom of atomic number 30 is 
15? 2s? 2p® 3s? 3p® 3a!° 4s?. This will have 7 orbitals 
of m = 0. In 7 orbitals number of electrons are 
7x2=14. 

II. d. 


III. b. 
IV. (a) R = 4nà? dry? 


"n AO ius, D AN i M 
ILLUSTRATION 4. 


I. The z-component of angular momentum of an electron in 
an atomic orbital is governed by the 
a. Principal quantum number 
b. Azimuthal quantum number 
c. Magnetie quantum number 
d. Spin quantum number 


Il, Which of the following sets of quantum numbers represents 


an impossible arrangement? 


> 
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n. mo ome 
a3 3 72 12 
b 4 0 0 12 
c3 2 2 I2 
d. 5 3 0 12 


NI. The principal quantum number of an atom is related to the 
a. Size of the orbital 
b. Spin angular momentum 
c. Orbital angular momentum 
d. Orientation of the orbital in space 

IV. Which of the following should be the possible sub-shells 
forn*t 127? 
a. 7s 6p Sd 4f 
c. 7s 6p Sd 6d 


Le. Magnetic quantum number (7). 


b. 4f Sp 6s 4d 
d. 4s 5d 6p 7s 


II. a. / cannot be equal to n. 


III. (a) 

IV. a. n+l=7 
7+0=7s 
6+1=6p 
5+2=5d 
4+3=4f 


I. What is the maximum number of electrons in the possible 
sub-shells for n + / = 4? 


a. 8 b. 6 c. 12 d. 16 
II. The sub-shell 2d is not possible because 

a.nzl b./>n 

e.n«l d. None of these 


HL What is the maximum number of elements if the elements 
above n — 4 do not exist in nature? 


a. 40 b. 60 c. 44 d. 108 


IV. Give the values of all the four quantum numbers for 2p 
electrons in nitrogen (Z = 7). 


[. a. n-1-4 Maximum number of electrons 
4+0=45 =2 
3+1=3p =6 
Total =% 


Il. a. For sub-shell 2d, n= 2 and / 2, and the values of n and 
| can never be equal. 
II. b. Since, n= 1,2, 3, and 4, 
ls 2s2p 3s3p3d 4s 4p 4d Af 
2 8" mpg ' 35 
er total number of existent elements 


is24+8+ 18432 


IV. The electronic configuration of nitrogen ato 
1s? 2s 2p,! 2p, 2p,' 
For the 2p electrons, n = 
s = +1/2 or-1/2 
(All 2p electrons have parallel spins.) 


M ig 


sie a ET 


. Arrange the electrons represented by the following setg of 
quantum numbers in decreasing order of energy, 


a, n=4,/=0,m=0,5=+1/2 
b. n=3,/=1,m=1,s=-1/2 
e n=3,1=2,m=0,5=+1/2 
d. n=3,/=0,m=0,s =-1/2 
II. Which of the following sets of quantum numbers represent; 
an impossible arrangement? 
Dy l m 5 
a 325 l1 
b..4- 0 0 1/2 
C3823 239 1/2 
d. 5 3. . 0 1/2 


III. Principal, azimuthal, and magnetic quantum numbers are, 
respectively, related to 


a. Size, orientation, and shape 
b. Size, shape, and orientation 
c. Shape, size, and orientation 
d. None of these 


IV. Which of the following statements is/are wrong? 
a. If the value of /= 0, the electron distribution is spherical. 


b. The shape of the orbital is given by magnetic quantum 
number. 


c. The angular momentums of ls, 2s, and 3s electrons are 
equal. 


d. In an atom, all electrons travel with the same velocity. 


a. Represents 4s electron 

b. Represents 3p electron 

c. Represents 3d electron 

d. Represents 3s electron 

Il. c. For/2»2,m* 2, m - 2, -1, 0, +1, +2 

HI. b. Principal quantum number gives size, azimuthal gives 
shape, and magnetic gives orientation. 

IV. (a, b) Option (b) is wrong because shape is given by 

azimuthal quantum number and magnetic quantum numbef 

tells the orientation. Option (d) is wrong because electron? 

in different shells travel with different velocities. 

Hence, (a) and (c) are the correct answers. 


The sum of all the quantum numbers of hydrogen atom is 
jm 


3 
"9 


a. | 


l 
b. 0 C. 4— 
i 2 


The orbital angular momentum quantum number of the 

do i h 
a. 0 be V2—— al à. 232 
' i 2n 


In a multi-electron atom, which of the following orbitals 
described by the three quantum numbers will have the same 
energy in the absence of magnetic and electric fields? 


ril. 


In21,/20,m70 ll.n=2,/=0,m=0 
Il.n722,/7- 1, m7 1 IV. n 23,122, mx] 
[V.n23, 12 2, m0 

a. | and II b. IT and III 

c. M and IV d. IV and V 


| d. The atomic number of H is 1 
Quantum numbers are n = 1,/=0,m=0, s .l 


-. Total quantum number = 1 + a = B 


Hence. (d) is the correct choice. 
IL &. 5,1e,3p:1-1 


Orbital angular momentum = ,//(/ + 1) - — h 


=D = 2c 
2n 
IL (b. d) 
IV: 3d» 5: V : 3d »: Degenerate orbitals 


I: 2s ; li: 2p: (Assumed to have same energies in the 
absence of magnetic and electric fields) 


What is the total number of pairs of electrons having at least 
three same quantum numbers of Be? 


BD ex. (Z7 4) 


Electronic configuration is 15? 25? 
For-s electrons, the quantum number are 


2 
"-ld-0,m-0,s--l (ii) 

2 
n=2,1=0,m=0, I Aili) 


"=2,1=0,m=0, s=-— v) 


Clearly, there are four possible groups: (i) and (ii), (iii) and 
(iv), (1) and (iii), and (ii) and (iv) 
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mic number = 25) is vis 


l — 
I. The magnetic moment of M“ (ato | 
ctrons and the value ors; 


BM. The number of unpaired ele 
respectively, are 
a. 4, 3 b. 3,4 c. 3,2 d. 5, 2 
Il. Which of the following is(are) correct for H atom? 

Lls<2s<2p<3s<3p i ls<2s=2p< 3s = Jp 
iii. Is < 2p < 3d < 4s iv. ls € 2s < As < 3d 
The correct choice is 
a. (11), (ill) b. (i), (iv) 
c. (1), (iii) d. (ii), (iv) 

III. The correct order of decreasing energies of the 
electrons 1s: 
a. Electron 3 > Electron 4 > Electron | > Electron 2 
b. Electron 4 > Electron 3 > Electron | > Electron 2 
c. Electron 3 > Electron 4 > Electron 2 > Electron | 
d. Electron 3 > Electron | > Electron 4 > Electron 2 


I. b. M“ (Z- 25) : electronic configuration is 


1s? 2s? 2p® 3d? 4s? 3s? 3p6 


— 7 
n(n+2) BM 
= /5(5+2) BM = V35BM 


But given magnetic moment is /I3BM or J3G + 2)BM. 
Hence, unpaired electrons = 3 


Magnetic moment = 


Therefore, the oxidation number is 4. 
Il. b. (1), (iv) 
HI. b. Electron 4 > Electron 3 > Electron | > Electron 2 


I. The orbital having m = 2 should not be present in the 
following sub-shell: 
a, d b. / e. v d. p 

I What is the value of the spin quantum number of the last 
electron for d” configuration? 


| 
a, 0 b. -— 


— 


e 
E 


| 
2 


b. 
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b. Forn=3,/=0, 1,2 


III. 


IV. 


So. 
1 


I. 


All the energy levels are called excited states when the 
value of the principal quantum number is 

a.n-] b.n^1 e.n«l d.n>-l 

If x is the number of electrons in an atom, the configuration 


should be expressed as 
a.l b. ni“ 
X 
c. nn d. None of these 


d. Forp sub-shell, m 7 —1. 0, +1. Therefore, m= - orbital 
will not be present in p sub-shell. 
The value of the spin quantum number (s) can be +1/2 


Il. b. 
or —1/2 because an electron can rotate along its axis 
either in clockwise or in anticlockwise direction. But 
one quantum number depicts one electron and thus its 
value will be —1/2 for d? configuration. 

III. b. All the energy states in which 7 is greater than | are 


called excited states. 

The electronic configuration of an atom is expressed by 
first writing the principal quantum number (7), followed 
by the Azimuthal quantum number (/), and then writing 
the number of electrons (x) as superscript. 


I. What is the atomic number of an 


IV. a. 


Soesman CGI O y aineeseen iesene 


element if the 
guantum numbers of the highest energy electron 
of the element in the ground state are n = 4, / = 1, 


m =-—], s = +1/2? 


a. 3] b. 35 c. 30 d. 32 

The orbital n = 6, / = 2, and m = 0 will be designated as 
a. 6d 2 b.6d» 5 

c. 6d. d. 6p, 


. The orbital having n = 2, /= 1, and m = 0 is designated as 


a. 2p, b. 2p, c. 2p, d. 34» 


. How many electrons in a given atom can have the following 


quantum numbers 

a.n=4,1/=2.m=0 

b.n=3 

e.n=2,/=1,m=-l,s= m: 
2 


d.n=4,/=1 


. a. The electronic configuration of the element will be 


1^ 2s 2p 35? 3p^ 4s? 3/19 45. Thus, the total number 
of electrons is 31, and hence the atomic number will be 3], 


. a. For 6th of energy level / = 2 is for d sub-level, and 


m = 0, d » orbital 

In the second or L energy level (n: 2),/— J forp orbital, 
m = 0 for z-axis. Hence, the orbital will be designated 
as 2p.. 

/=2 means d sub-shell and m = () refer to d » orbital 
Hence, the number of electrons is 2, i 


I. Which of the following set of quantum numbers is are not 


H. 


III. 


/=0 m=0 2 electrons 
/=1 m=-l 6 electrons 
/=2 m=-2,-1,0,+1, +2 10 electrons 


Total electrons 18 electrons 


Alternatively, the number of electrons for any ener 
3y 


level is given by 
2n? i.e., 2x 3 = 18 electrons 


c. /=1 refers to p sub-shell, m — —1 refers top, OTP, Orbital 


whereas s = +1/2 indicates only one electron, 


d. /= 1 refers to p sub-shell which has three Orbital. 
(Po p,. and p,) each having two electrons. Therefore 


total number of electrons is 6. 


permitted? 


a.n=3,1=2,m=-2,5= ae 


b.n=3,1=2,m=-l,5=0 


c.n=2,1=2,m=+1,5= u 


~ 


l 
d.n=2,1=2,m=+1, s= "ie 
The probability of finding the electron in p —orbitals is: 
a. maximum on two opposite side ofthe nucleus along x-axis 


b. zero at the nucleus 
c. same on all the sides around the nucleus 


d. zero on the z-axis 

Which among the following electron will emit radiation of 
maximum wavelength? 
a.n=4,1=1,m=0ton=3,1=2,m=-2 

b. n = 3,1=2, m=-2 ton=3,1=1,m=-1 
c.n=3,1=2,m=1ton=2,1=0,m=0 


d.n=3,1=1,m=0ton=2,1=1,.m=1 


IV. Which of the following has the maximum number of 
unpaired electrons? 
9 te E -2 ^ 
a. Mg?! b. Ti?* c, V?* d. Fe” 
A D 
“Sol, 
I. a. This set of quantum numbers is permitted. 
b. This set of quantum numbers is not permitted as value 
of s cannot be zero. 
c. This set of quantum numbers is not permitted as the 
value of / cannot be equal to z. 
d. This set of quantum numbers is not permitted as the 
value of m cannot be greater than /. 
H. (a, b, d) l'or p, : nodal plane contains 


z-axis 
at 

oe CE, 

Py 


No electron can lie at nucleus 
P, gives space for probability of finding * 
electron along x-axis and it will be maximum. 


! 


pw 


— — 
——— 


- 


-— Hu ,( | 1). 
7 For Anax E adie = MMDIMUM = 13.6Z - Le 
il nN ny” 


| - 
A —— | has to be minimum. 
n ny 


This is independent of quantum numbers l m and s. 

Clearly. 7, = 3 and n, = 4 minimize E radiation. 
nd Fe?* = [Ar]3d° > 4 unpaired e 

Me?" has zero unpaired 


V?* has 2 unpaired and Ti** has 1 unpaired 


æA SOS 
1.33 ENERGIES OF ORBITALS AND 
ENERGY LEVEL DIAGRAM 


4.33.1 ENERGY LEVEL DIAGRAM OF HYDROGEN ATOM 
4 diagram representing relative energies of various orbitals in an 
atom is called energy level diagram. 

In hydrogen atom, the energy of an electron is determined 
solely by the principal quantum mumber (7). Thus, the energy of an 


electron increases with an increase in n. The energy of the orbitals 
increases as follows: 


and is depicted in Fig. 4.29. 
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Fig. 4.29 Energy level diagram for hydrogen atom 


In the energy level diagram, it may be noted that orbitals for 

the same value of principal quantum number (n) have the same 

“energies even for different azimuthal quantum numbers (/). For 

example, the electron has the same energy when it is in 2s orbital 

as when it is present in 2p orbital although the shape of 2s and 

2p orbitals are different. The orbitals having the same energy are 
called degenerates orbitals. 


In hydrogen atom, there is only one electron present in 1s 
Orbital; the orbital corresponds to the most stable condition and is 
called the ground state. In the ground state, the electron is most 
stable and is strongly held by the nucleus. However, in the excited 


Slate, the electron may present in any higher energy levels such 
as 2s, 2p, 3s, and so on. 


Thus, for an atom having a single electron, the principal 
quantum number (n) is only a parameter to determine the energy 
of the orbital. The value of / (azimuthal quantum number) merely 
determines the shape of the orbitals. 


Atomic sti 


F TRON 
4.33.2 ENERGY LEVEL DIAGRAM OF MULTI ELEC 
ATOMS 


In case of multi-clectron atoms, the energy of an electron, 
that ofa hydrogen atom, depends not only on its principal quan b- 
number (shell), but also on its azimuthal quantum number ran 
shell). As shown in Fig. 4.30, for a particular energy level or she : 
the various sub-shells such as s, p, d. ... have different energies. 


Energy ———> 


Fig. 4.30 Energy level diagram for multi-electron atoms 


The main reason for having different energies of the sub- 
shells is the mutual repulsion among the electrons in a multi- 
electron atom. In hydrogen atom, there is only one electrical 
interaction present—the attraction between the negatively charged 
electron and the positively charged nucleus. But in a multi- 
electron atom, besides the attraction between the electron and 
the nucleus, there is repulsion between every electron and other 
electrons present in the atom. Thus, the stability of an electron in 
a multi-electron atom is due to the reason that the total attractive 
interactions are greater than the total repulsive interactions. The 
attractive interactions of an electron increase with an increase in 
positive charge (Z ) on the nucleus. However, due to the presence 
of electrons in the inner shells, the electron in the outer shell does 
not experience the full positive charge of the nucleus (Z ). It will 
be lowered due to the partial screening of positive charge on the 
nucleus by the inner shell electrons. This is known as the shielding 
of the outer-shell electrons from the nucleus by the inner shell 
electrons, and the net positive charge experienced by the electron 
from the nucleus is known as effective nuclear the charge (Z. 

i.e, Z eff Ze — O, Where o is the screening constant. 

Despite the shielding ofthe outer electrons from the nucleus 
by the inner shell electrons, the attractive force experienced by the 
outer shell electrons increases with an increase in nuclear charge. 

The attractive and repulsive interactions of an electron 
depend upon the shell (7) and the shape (/) of the orbital in which 
the electron is present. For example, s orbitals being spherical in 
shape have maximum shielding effect as compared to p orbital. 
Similarly, p orbitals shield the electrons from the nucleus more 
than the d orbitals, even though all these orbitals are present in 
the same shell. 

The shielding effect of various types of orbitals is in the 
order s > p> d> f shielding or screening effect. 

An electron in s orbital spends more time close to the nucleus 
in comparison to p orbital, and p orbital spends more time in the 
vicinity of the nucleus in comparison to d orbitals. 


The order of attractive interaction in various types of orbitals is 


s>p>d>f ... attractive intersection 
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Electrons in various sub-shells experience different Z,, 
Zp experienced by the orbital decreases with an increase in the 
azimuthal quantum number (/). Thus, the s orbital will be more 
tightly bound to the nucleus than the p orbital and the p orbital in 
turn will be more tightly bound than the d orbital. The order of 
energies of various sub-shells within an energy level is 

s<p<d<f ..order of energies 
For a particular type of sub-shell, Z p decreases with an 
increase in the value of the principal quantum number 7. Thus, 
3d experiences lower Zy than 2s. 
4s < 3s «2s < ls ...effective nuclear charge (Z,) 
The energies of the orbitals in the same sub-shell decrease 
with an increase in the atomic number (Za. For example, the 
energy of the 2s orbital of hydrogen atom is greater than that of 
the 2s orbital of a lithium atom, and that of lithium is greater than 
that of sodium and so on. That is, 


E, ŒH) > E», (Li) > E, (Na) > E, (K) 


4.33.3 (n+ /) OR BOHR-BURY RULE 

As mentioned above, in a multi-electron atom, the energy of an 

electron depends upon the value of the principal quantum number 

(7) and the azimuthal quantum number (/). The relative order of 

energies of various sub-shells in a multi-electron atom can be 

predicted with the help of the (7 + J rule or Bohr-Bury rule. 

a. Foran orbital, the lower the value of (7 + /), the lower the energy. 

For example, 4s orbital has lower energy than 3d orbital. 
For 4s orbital, n = 4 and /=0. Hence, n +/=4+0=4 
For 3d orbital, n = 3 and / = 2 Hence, n - 2342-5 


b. If two orbitals have the same value of (n + /), the orbital 
with lower value of n will have the lower energy. 


For example, consider 3p and 4s orbitals. 

For 4s orbital, n = 4 and / = 0. Hence,n+/=4+0=4 
For 3p orbital, n = 3 and / = 1. Hence,n+/=3+1=4 
Here 3p orbital has lower energy than 4s because it has lower 
value of n. 

Table 4.13 illustrates the (n + /) rule. 


Table 4.13 Arrangement of orbitals with increasing energy on the 
basis of (n + /) rule 


2p (n = 2) has 
lower energy than 
3s (n 3) 


3p (n = 3) has 


lower energy than 
4s (n — 4) 

3d (n — 3) has 
lower energy than 
4p (n — 4) 


The quantum numbers of electrons are given below. 
them in order of increasing energies. 


Arrang, 


| 
a. EAT: e E Cy 


b. n=3,1=2, m= 1,m,= +5 
l 
Ci n=41=1,m,=0,m,= +5 
d. n=3,1=2,m,=-2,m ES 
: ; , m, m, ; 
] 
e. n-3lI-Lm--Lm-*7 
l 
f. D blc mo tm mt. 


Sol. e<b=d<c=f<a 


Among the following pairs of orbitals, which orbital wif 
experience the largest effective nuclear charge? 


b.4dand 4f ce. 3d and 3p 


2s, because 25 orbital lies nearer to the nucleus than 3; 
orbital. 

4d, lies near to the nucleus. 

C. 3p, lies near to the nucleus. 


a. 2s and 35 


Sol. a. 


The bromine atom possesses 3s electrons. It contains six 
electrons in 2p orbitals, six electrons in 3p orbitals and five 
electrons in 4p orbitals. Which of these electrons experience 
the lowest effective nuclear charge? 


9 4p electrons having the largest value of n are farthest 
from the nucleus, and hence experience the lowest effective 
nuclear charge. For orbitals of the same type of sub-shell. 
the greater the value of » the smaller the effective nuclear 
charge. 


If the value of n+ / — 7, then what should be the increasing order 
of energy of the possible sub-shells. 


Sol.” Given that n+/=7 
Hence 7+0=7s 
6+ 1=6p 
5+2= Sd 
4+3=4/ 


Thus the order of energy is 4/« 5d < 6p < 7s. 


Calculate the total spin and magnetic moment for atoms having 
atomic numbers 7, 24, 34, and 36. 


p^ 


electronic configurations are as follows: 
è 


Th . . 
r N: Lo 283p? Unpaired electrons = 3 


* 


Ce: b SOM MSMpeMPAS! Unpaired electrons = 6 
Rie l ls? NO ASMpeaq 4924p" 
j Unpaired electrons = 2 
Kr: Is" 287p 33 pid 4yrdpe 
Unpaired electrons = 2 


] l 
Total spin for an atom ~ t£ —x Number of unpaired 
electrons = 


3 i 
For .N. itis $—: For 44Cr, it is £3. 


On tie etl]: Ay Ke It te 
For ,,8e. itis tli — For, Kr it is 0. 


Also magnetic moment — J n(n + 2) 


For -N. it is VIS; For a400 itis V48. 
For ,,Se. itis v 8: For ,,Kr, it is Jo . 


_ 


4.34 RULES FOR FILLING OF ORBITALS 
~~ INAN ATOM 


an atom in its ground state has the lowest energy, and it is most 
gable. The filling of orbitals in the ground state of atom takes 
nlace according to the aufbau principle. which is based on Pauli’s 
exclusion principle. Hund's rule of maximum multiplicity, and the 
relative energies of the orbitals. 


4.34.1 AUFBAU PRINCIPLE 

The word 'aufbau' in German 

means "building up'. The P 
building up of orbitals means ‘ 
the filling up of orbitals with 
electrons. The principle 
sates that electrons are added 
progressively to the various 
increasing energies. The 
electrons first occupy the 
lowest energy orbital 
available to them and enter 
into higher energy orbitals 
only after the lower energy 
orbitals are filled. 


The increasing order of 
energies of various orbitals is 
... 152s2p 35 3p 4s 3d Ap 
25 Ad Sp 4f 5d 6p 75... 

The orbitals must be 


flled according to the above 
Order, 


. Figure 4.31 illustrates 
à simple memory aid for Fig 4-31 Order of filling of orbitals 
T . ; : 
“membering the increasing 


0 i 
rder of energies of various 
Orbita]s. 


re 4.61 
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4.34.2 PAULI EXCLUSION PRINCIPLE 
Austrian scientist Wolfgang Pauli in 1926 put a 1997. 
filling electrons in various orbitals by his exclusion princip 
»inciple state that: - 
| oe two electrons in an atom can have the same set n 
quantum numbers. The Pauli exclusion principle can also be P j 
as: Only two electrons may exist in the same orbital and thes 


electrons must have opposite spin. 


a restriction on 
le. This 


l'rom this principle, it follows that the two electrons can have 
the same value of three quantum numbers 7. /. and m, but must 
have opposite spin quantum number (i.e. either +1/2 or —1/2). 

On the basis of this principle, it is possible to calculate the 
capacity of electrons to be present in any sub-shell. For example, 
sub-shell 1s comprises one orbital and thus the maximum number 
of electrons present in 1s sub-shell is two; in p and d sub-shells, the 
maximum number of electrons can be 6 and 10 and so on. Thus, 
it can be said: the maximum number of electrons in a shell with 
principle quantum number 7 is equal to 2n. 


4.34.3 HUND’S RULE OF MAXIMUM MULTIPLICITY 


Hund's rule deals with the filling of electrons into the orbitals 
belonging to the same sub-shell. These orbitals have the same 
energy and are called degenerate orbitals. For example, 1p sub- 
shell has three orbitals and all the three orbitals have the same 
energy; hence they are degenerate. 


This rule states that the pairing of electrons in the orbital 
of a particular sub-shell (p, d, or f) does not take place until 
all the orbitals of the sub-shell are singly filled. Moreover. 
the singly occupied orbitals must have electrons with parallel spin. 

In p sub-shell, there are three, in d five, and in f seven 
orbitals; therefore, according to this rule, orbitals will be first filled 
with single electrons with parallel spin because this corresponds 
to minimum repulsion and the state of lower energy. The pairing 
of electrons will start in the p, d and f orbitals with the entry of 
fourth, sixth, and eighth electron. 


The quantum numbers ofthe last electron of an element are given 
below. Predict the atomic number and name of the element from 
the following quantum numbers: 


n=3,/=2,m=0,s=—-1/2 


Stolk The given quantum numbers are as follows: 
Principal quantum number (n) = 3 
Azimuthal quantum number (/) = 2 or d 
Magnetic quantum number (m) = 0 


m--2 -10 +142 
d orbital 


Spin quantum number (i) = a 
o [At [At [At |t |f] 
-2 -l 0 +1 +2 


Therefore, total number of electrons in d orbital is 8. Hence 
it is d * configuration, it shows that the element is Ni (3d), 
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Which combination of quantum numbers n, /, m and s for the 


electron in an atom does not provide a permissible solution to 


the wave equation! 


a. 3.2,-2,+ 
| 
c 3,2,1,4 — 
2 


and their quantum numbers 


"Sol | b. 3, 3, 1, 


, 


1/2 in the combination » = 
1/2 since / cannot have a value equal to” 


ION U L ; 


Table 4.14 Distribution of electrons in various energy iian eir quantu uM 
Main energy | Subsidiary Sub-shell Magnetic quantum Spin eed bi. 
level, n shell ^ energy level, designation number, m number, rons 

i l | — E 0 | + 1/2, -M2 2 (Total 2) 

| 2. | s 0 TM ) 
2 0 as | | 
| | A l 2p, or 2p, «1/2, -1/2 6 
2p < 0 | 2p, £1, -- M (Total = g) 
| +| L 2p, or 2p, 4d 41/2, -V2 o 
Cu e a oe oy: EN | 2-2 2 
. i | ow aa -] 3p, or 3p, +1/2, -1/2 
| 3p E TEE +1/2,-1/2 
ui 3p, or 3p, l *1/2, -1/2 6 m 
| 2 | 3d2_,20F3d,, +1/2, -1/2 
-] 3d, or 3d., +1/2, -1/2 
2 3d = 0 | 342 «2, -2 10 
+] 3d_, or 3d... +]/2,-1/2 (Total = 18) 
3d... Or 502 _ 2 | +{/2, -1/2 
4 0 4s | +1/2, -1/2 2 
E +1/2, -1/2 
l 4p = 0 +1/2, -1/2 6 
| 71 | +1/2,-1/2 
E +1/2, -1/2 
E +1/2, -1/2 
2 4d | 0 | +1/2, -1/2 10 
| +1 +1/2, -1/2 
+2 *1/2, -1/2 
a d px d P i | +1/2. | P 
= -2 +1/2, -1/2 
| i +1/2, -1/2 
3 4f E 0 +1/2, -1/2 14 
LI 1/2, -1/2 
a | 42 $1/2,;-12 
J ç >J» +1/2, -1/2 


Total = 32 


3,/=3,m> l 


Predict the atomic number and element trom the following 


quantum numbers: 


n *2,l 


l,m*]l,s 


) 


^ 


WBA) Nhe given quantum number are as follows: 


Principal quantum number (1) 


ic quantum number (m) = +1 or 


4 et 
Mag" m= -l 0 + 


l 
q antum number (m,) = 73 ord 


spin u 


pcs 
m= f 
the configuration 1s 2p6. 


pence. QUAM 
Total electronic configuration is 15^ 25^ 2p^. 
0 | | 

The element is Ni (atomic number = 10). 


each of the following pairs of hydrogen orbitals, indicate 


m is higher in energy. 

iN) 

Q2 b 2p.3p | c.3d,.34,. 
d 3s. 3d e. 4s, 5s 


For the electron present in the hydrogen orbital, the 
ergy depends only upon the principal quantum number 
Keeping this in mind, the orbital of higher energy in 


en 


(n). 


the given pairs is 
a. 25 b. 3p 
d. Same energy 


c. Same energy 
e. 55 


Answer the following: 
a. How many electrons can be filled in all the orbitals with 
n+1=5? 


b. Which of the two is paramagnetic: V(IV) or V(V) and 
why? 
c. How many unpaired electrons are present in Pd (Z= 46)? 
d. The ion of an element has configuration [Ar]3d" in +3 
oxidation state. What will be the electronic configuration 
of its atom? 
Sol 
à n+l= 5 has, 5s, 4p, and 3d orbitals with two, six, and 
10 electrons, respectively. Therefore, the total number 
of electrons is 18. 
b. The configurations are V(IV)-[Ar!5] 34! and V(V)J— 
[Ar]'®. Therefore, V(IV) is paramagnetic in nature. 
€ The electronic configuration of the element palladium 
(Z= 46) is [Kr]?94410559. Therefore, it has no unpaired 
electron. 
d. The configuration of ion is [Ar]3d*. Therefore, the 


l Forad electron, the orbital angular momentum is 
m V bA ch d. 2h 
"^ litrogen atoms had electronic configuration 15, it would 
ave energy lower than that of the normal ground state 
Configuration 1,2 252 2p? because the electrons would be closer 
lo the nucleus. Yet 1s’ is not observed because it violates 


P wu 


uantum number (/) = 1 or p orbital NP 
à moth i Bae a. Heisenberg’s uncertainty principle 


III. 


II. 
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b. Hund’s rule 

c. Pauli’s exclusion principle 

d. Bohr’s postulate of stationary orbits | 
The less ground state electronic confi guration of nitrogen 


atom can be represented by 


a [5] [tt] AL) 
[n] [8] [TH] 
e [n] [12] LY 
aN] [8] DS] 


For the energy levels in an atom, which of the following 

statements is/are correct? 

a. There are seven principal electron energy levels. 

b. The second principal energy level can have four sub- 
energy levels and contains a maximum of eight electrons. 

. The M energy level can have a maximum of 32 electrons. 

. The 4s sub-energy level is at a lower energy than the 3d 


sub-energy level. 


a. Ford electron, /= 2, 
orbital angular momentum 


- fü -nh-22-DnAh-N6n 


c. According to Pauli's exclusion principle, an orbital 
cannot have more than two electrons and these two 
electrons have opposite spin. 

(a, d) In (a) and (d), the unpaired electrons have spins in the 

same direction. Hence, (a) and (d) are correct. 


IV. (a, d) Statement (a) and (d) are true. Statement (b) is wrong 


I. 


II. 


SSE 


u: 


because for n = 2, | = 0, 1 (two sub-energy levels). (c) is 
wrong because M shell means n = 3. Maximum electrons it 
can have = 25? 2 2 x 32 = 18. 
Hence, (a) and (d) are correct. 


gH o MC 4: 
STRATION 4.135, 


Which of the following statements is/are correct? 

a. The electronic configuration of Cr is [Ar]3d? 4s! (atomic 
number of Cr = 24). 

b. The magnetic quantum number may have a negative 
value. 

c. In silver atom, 23 electrons have spin of one type and 
24 of the opposite type (atomic number of Ag = 47). 

d. The oxidation state of nitrogen in HN, is xi 

Many elements have non-integral atomic masses because 

a. They have isotopes 

b. Their isotopes have non-integral masses 

c. Their isotopes have different masses 

d. The constituents—neutrons, protons and electrons— 
combine to give rational masses 
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HL. Which of the following is not correct for the electronic 
distribution in the ground statc? 


a. Co-([Ar] [£4] [te [te] 1 ttt] 
». niche [Te] [te 14 L4. a 
c. Cuz [Ar] [14] [ry [ty ty [te ER 
d. Zn =[Ar] [t| ponm 


: . , > , l h 
IV. The electronic configuration of an clement 15 1s? 2s? 2p^ 
352 3p* 3d 4s!. This represents its 
a. Excited state b. Ground state 


c. Cationic form d. Anionic form 


I. (a, b, c) Only (d) is wrong because the oxidation state of N 
in HN, is -1/3. 
Hence, (a), (b). and (c) are correct. 

II. (a, c) Non-integral atomic masses are due to isotopes which 
have different masses. 
Hence, (a) and (c) are correct. 


III. c. Cu= [Ar] 


IV. b. The given electronic configuration is the ground state 
for chromium. 


I. Which of the following sets of quantum numbers is/are not 
permitted? 


a. n=3,1=3,m=0.s => 


b. n=3.1=2m=2,s=-7 


c. sg gps ge f 
2 


d. n=3,/=0,m=0,5=+5 


IL Which of the following pairs of ions have the same 
electronic configuration? 
a. €r7, Fe* b. Fe?*, Mn” 
c. Fe, Co?* d. Se**, Cr? 
Ii. Which of the following statements is correct? 
| a. An orbital containing an electron having quantum 
| numbers n = 2:170, s — 1/2 is spherical 
b.All photons have the same energy. 
c. The frequency of X-rays is less than that of radiowaves. 
d.As intensity of light increases, the frequency increases. 
IV. Which of the following statements is/are not correct? 
a. Theshape of an atomic orbital depends on the azimuthal 


quantum number. 
b. The orientation of an atomic orbital depends on the 


magnetic quantum number. 


c, The energy of an electron in an atomic orbita] of TM 
electron atom depends on the principal quantum huj, 

d. The number of degenerate atomic orbitals of fyc v 
depends on the values of principal, azimuthal, , 
magnetic quantum numbers, 


3, / cannot he 3; so (a) i5 not permitti 
yj 


I. (a, c) When 7 
+2; 40 (c) is not permitted, 


When / = 1, m cannot be 
Hence, (a) and (c) are correct, 

IL b. Pe?! and Mr?' have the same electronic configuraties 
HI. a. /=0 or s orbital; the shape of s orbital is spherical, 
IV. c. Inamulti-electron atom, the energy of the electron fioi 

only depends upon n, but also on L, m, and some other, 
factors also. 


I. The Pauli exclusion principle applies to 
a. H bade c, H9 d. None of these 
II. Which of the following statements is/are true? 
a. One orbit can accommodate a maximum of two electrons. 


b. One sub-shell can accommodate a maximum of two 
electrons. 

c. One orbital can accommodate a maximum of two 
electrons. 

d. None of the above. 


III. Which of the following is not according to the Pauli 


exclusion principle? 
P PT e 
d. (a) and (b) both 


aman 


IV. Supposing that the Pauli exclusion principle is not 
correct, if one orbital can accommodate three electrons. 
what are the respective atomic numbers of the second 
member of alkali metal family and the first member of 
halogen family? 

a. 16, 14 b. 11,9 


¢.316, 9 d. 34, 17 


Since H has one electron and H® has no electron. 

the Pauli exclusion principle does not apply to them. 

However, H9 has two electrons; hence, this principle 

applies on it. 

Il. e. An orbital can accommodate a maximum of two 
electrons having opposite spins. 

IH. d. The set of four quantum numbers is not same for 
the three electrons in answer (c). In answer (a), both 
electrons have the same set of quantum numbers, while 
in answer (b), the first and third electrons have the same 
set of quantum numbers. 

IV. a. i. Sodium is the second member of alkali metal family 

Na!!- 1s? 25? 2p6 3s! 


— di 


inner orbitals can accommodate three electrons each, 
the configuration will be as follows: 

1s? 253 2p? 35! 
Therefore, three will be 16 electrons in all. Hence, 
the atomic number will be 16. 
The first member of halogen family is fluorine, F’, 
whose configuration is Is? 2s? 25, 
Halogen has one electron less than the next of inert 
noble gas. If inner orbitals can accommodate three 
electrons each, the configuration will be as follows: 

15? 25? 2p* 

Therefore, total number of electrons will be 14, and 
thus the atomic number will also be 14. 


[ERATO 4.138. 


I. Supposing that the Pauli exclusion principle is non- 


existent, which of the following is the most unacceptable 
configuration of Li in the ground state? 


b. 1s? 
d. 15! 2s! 2p! 


a. 1s? 2s! 
i 
c. 15! 2s- 


. Which of the following should be correct according to 


Hund' s rule? 


d. P =18° 2s” 


. Ifthe value of n + 1= 7, then what should be the increasing 


order of energy of the possible sub-shells? 
a. 4f « 5d < 6p < 7s b. 7s < 6p < 5d < 4f 
c. 7s > 6p < 5d < Ap d. 4f < 5d < 6p > 7s 


. Which of the following sub-shells will be filled by electrons 


.~ 


after the orbital of the third principal shell is completely 


filled? 
a. 4s b. 4f c. 4d d. 4p 


Which of the following should be the basis of entry of an 
electron in 4s orbital before 3d orbital? 


b. Hund’s rule 


d. Shielding constant 


a. Energy level diagram 
C. Pauli’s principle 


I. d. Asa matter of fact, the configurations given in (b), (c) 


II. d. 


and (d) are wrong, but the configuration given in (d) 
is the most unacceptable because there is one electron 
in each of the three orbitals and according to the Pauli 
exclusion principle, a maximum of two electrons can 
be put in an orbital. 


Configuration of C$ should be 2p,! 2p,' instead of 2p ?. 


Configuration of O* should be 2p,” 2p, 2p ! instead of 


ap? 2p ?. 


We know that the inner orbitals of sodium are fully 
filled and the outermost orbit has one electron. If 
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instead of 


z | | l 
Configuration of N7 should be 2p, 2P, 2p; 
2p ? 2p. | o 
C DATE con of F’, 2p? 2p 2p,', is ale) 
two out of the three degenerate p orbitals are fully Nee, 


one is half-filled, and there is no unfilled p orbital. 
HI. a. n+/=7 

7-02 7s 

64 1=6p 

5 2- Sd 

443-7 4f 


Order of energy is 4/ « 5d < 6p < 7s 
IV. d. The electron goes to 4p after filling up 3d. 

V. n Lof4s is 4+0=4 and that of 3d is 3 * 2 — 5. Therefore, 
the energy of 4s is lower than that of 3d. 
Increasing order of energy 
ls «2s < 2p < 3s < 3p < 4s < 3d < 4p < 5s < 4d < 5p < 65 
< 4f« Sd < 6p < 7s < 5f « 6d < 7p 
The maximum number ofelectrons that can be accommodated 
in s orbital is 2, in p orbital is 6, in d orbital is 10, and in f 
orbital is 14. 


EE LS NNNM HL ho 
4.35 ELECTRONIC CONFIGURATION 
OF ATOMS 


In an atom, electrons are distributed among various orbitals very 
much in accordance with rules governing the filling of different 
orbitals. This distribution of electrons into orbitals of an atom is 
called its electronic configuration. 
The electronic configuration of different atoms can be 

represented in two ways. For example. 

a. 15? 2s? 2p6 3s? ... notation 

b. Orbital diagram 


S 2p 3s 


ls 2 


In the first representation, the sub-shell is represented by the 
respective letter symbol and the number of electrons present in the 
subshell is depicted in the superscript, i.e., for Ls? 


"d Number of electrons 


3 


Is 
Principal a Tia 


quantum number 


Sub-shell 


Similar sub-shells represented for ditferent shells are 
differentiated by writing the principal quantum number before 
the respective sub-shell. For example, 

ly?) 252, 27 

In the second representation, each orbital of the sub-shell 
is represented by a square or a circular box and the electron is 
represented by ah upward arrow (1) for positive spin and by a 
downward arrow (V) a negative spin. The second notation has 
an advantage over the first notation as it represents all the four 
quantum numbers. 
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SOME EXAMPLES 


V, Hydrogen (atomic number = 1): The hydrogen atom has only 
one electron; it must go to Is orbital, which has the lowest 
energy. The electronic configuration of hydrogen atom is as 


follows: 
ls! or E 


Is 
2. Helium (atomic number = 2): The helium atom has two 
electrons: the second electron can also go into ls orbital 
(Pauli’s principle). Its electronic configuration is as follows: 


Ls? or 


ly 
The two electrons differ from each other with opposite spin. 
. Lithium (atomic number = 3): Since lithium has three 
electrons and is not allowed to enter Is orbital because of 
Pauli’s exclusion principle, the third electron goes to the 
next lowest energy orbital, namely, 2s. Thus, the electronic 
configuration of Li is as follows: 


ad 


4. Bervilium (atomic number 4): The fourth electron in 
beryllium fills 2s orbital, therefore, electronic confi guration 


is as follows: 
15? 2s" or En 
Ls 2S 


5. Boron (atomic number 5): In boron, there are five electrons; 
four electrons completely fill up 1s and 2s orbitals. The fifth 
electron goes to one of the 2p orbitals. Thus the configuration 


is as follows: 


1s? 2s? 2p! or 
$ 


ls 2s 2p, 2p, 2p. 


In the next five elements, carbon (1s? 2s? 2p?), nitrogen 
(1s? 2s? 2p), oxygen (1s? 2s? 2p^), fluorine (1s? 2s?, 2p?), and 
neon (15? 2s? 2p*), the 2p orbitals get progressively filled obeying 
Hund's rule of maximum multiplicity. This process is completed 
with the neon atom. 

The orbital picture of these elements can be represented as 
follows: 


u [uj n LLLI 
Be [n] [n] [T1] 
s bd [n] BRIT] 
c [nu] [n] RI] 
v [n] [n] ith 


O 
F 
Ne [N] 

Is 2s p 


The electronic configurations of elements from Sodium 
(atomic number 11) to argon (atomic number 18) follow exact 
the same pattern as the elements from lithium to neon, and 3; and 
3p orbitals are also filled up with the same pattern. The 3p orbitals 
are completely filled up by the 19th electron in potassium (Atomic 
number 19), and the 20th electron in Ca (atomic number 20) enters 
the 4s orbital instead of 3d orbital because the energy of 4s orbital 
is lower than that of 3d orbital. 

The electronic configurations of first 20 elements are giyen 


in Table 4.15. 
Table 4.15 Electronic configuration of the first 20 elements 


2 

3 

4 

5 2s? 2p? 

6  |Carbon Is? |-2:22p.1 2p," 

7 [Nitrogen | ls | 222p, 2p, 2p. 

8 (Oxygen 1s? | 2522p 2 2p,! 2p! 

9  |Fluorine 13? |-25225:22p ?2p.! 

10 |Neon ]5*: |. 2s? 2p? 2p." 2p? 

11 [Sodium 5? | 2s? 2p? 2p? 2p?) 3s! 

12  |Magnesium| 1s? | 2s? 2p,? 2p 22p? | 3s? 

13 |Aluminium | ls? | 2s? 2p,? 2p? 2p? | 3s? 3p! 

14 |Silicon s? | 2s? 2p? 2p? 2p? | 3s? 3p," 3p,. 

15 |Phosphorus | 1s? | 25? 2p? 2p? 2p? 35? 3p,! 3p,' 3p. 

16 |Sulphur P| 252p. 2p? 2p,*| 3s* 3p? 3p, 3p. 

17 |Chlorine s? | 25? 2p? 2p? 2p? | 357 3p? 3p 3P.’ 

18 |Argon SNA a 2p? 2p?) ae Sp? 3p 3p? 

19 Potassium | Is? | 252p?2p22p?| 352 3p2 3p 3p; 4s' 
20 Calcium g? | 2:20. 9p 22p.*| 3s*3p.^ 3p 307] 


The next 10 elements (atomic numbers 21 to 30) are 
scandium (Sc), titanium (Ti), vanadium (V), chromium (Cr), 
manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu). 
and zinc (Zn). The 3d orbital, being lower in energy than the 
4p orbital, is filled first. All these elements are known as transition 
elements and 3d-series elements. For example, scandium 
(atomic number 21) has the electronic configuration Is 
25? 2p? 3s? 3p® As? 3d', the five 3d orbitals are progressively 
filled up till the last element of the series, that is, zc 
(Atomic number 30). The electronic configuration of zinc is 15° 
247 2p^ as? 3p 45? 349. 


p 
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4.16. 
"y is electronic configuration of transition elements 
ope ^ [scandium (atomic number 21) to zinc (atomic number 


30)] 


he electronic configurations of these 10 elements are given 


Electronic configuration 


s Scandium 35? 3p6 3d! 

" Titanium Is? | 2s5?2p6 | 3s23p6 3d | 452 
: vanadium | Is? | 2s?2p6 | 3s23p63d? | 452 
y | Chromium) Is? | 2s?2p° | 3523 p® 3d5 | 4s! 
e | Manganese | ls? | 2s22p$ | 3s? 3p63d5 | 4g? 
x Iron Is? | 2s? 2p% | 3s? 3p6 38 | 4s? 
T Cobalt ls? | 2s?2p6 | 3s?3p63d! | 452 
" Nickel ls? | 2s?2p6 | 3s23p63ds | 452 
Copper Is? | 2s? 2p9 | 3s23p63q!0| 4s! 


Zinc 352 3p$ 3410. 45? 
It may be noted that in Table 4.16, chromium and copper 
nave five and 10 electrons in 3d orbitals rather than four and nine 
because their position would have indicated two electrons in 4s 
orbitals. The reason for this ambiguity is that fully filled and half- 
&lled orbitals have lower energy and thus have extra stability. Thus, 
p &, d', f^, f'^. etc., configurations, which are either fully 
ġlied or half-filled, are more stable (discussed in section 4.16). 
Therefore, chromium and copper have d? and d!? configurations. 
As 3d orbitals get filled, the filling of 4p orbitals starts 
at gallium (Ga atomic number 31) and completes at krypton 
(Kr. atomic number 36). In the next 18 elements from rubidium 
(Rb) to Xenon (Xe), the pattern of filling 5s, 4d, and 5p orbitals 
is similar to that of 4s, 3d, and 4p orbitals. Then comes the turn of 
6s orbitals. In caestum (Cs) and barium (Ba), this orbital contains 
one and two electrons, respectively. Then from lanthanum (La) 
to mercury (Hg), the filling up of electrons takes place in 4f and 
5d orbitals. After this, the filling of 6p, then 7s, and finally 5fand 
6d orbitals takes place. Elements after uranium (U) are all short- 
lived and all of them are produced artificially. The electronic 
configurations of known elements are tabulated in Table 4.17. 


Table 4.17 Electronic configuration of elements 


Atomic | Symbol 
number 
39 


Electronic 
configuration 


Electronic 
configuration 


10 | Ne [Heps22yó 48 [Kr]5s° e | 
lH | Na [Nes 49 [Kr]55 4d" 5p 

12 Mg |[Ne]3s? 50 [Kr]5s? 44" A 
13 | AL |[Ne]3s?3p! 5] [Kr]5s? 4d"° 5p 
14 Si |[Ne]3s? 3p? 52 [Kr]5s? 4d'^ 5p" 
15 P —|[Ne]3s? 3p? 53 [Kr]5s? 4d"? 5p° 
16 S |[Ne]3s? 34 54 Xe | [Kr]5s24d!° 5p 
17 Cl |[Ne]3s? 3p 55 | Cs | [Xe]6s' 

18 Ar [Ne]3s2 3p^ 56 | Ba | [Xe]6s? 

19 K  [Ar]4s! 57 La |[Xe]6s? 5d! 

20 Ca |[Ar]4s? 58 Ce | [Xe]6s? 4? 

21 Sc |[Ar]4s? 3d! 59 Pr |[Xe]6s? 4f 

22 Ti |[Ar4s23d? 60 Nd |[Xe]6s? 4f* 

23 V |[Ar]4s 3a? 61 Pm  [Xe]6s2 4f 

24 Cr  |[Ar]4s! 3d? 62 Sm |[Xe]6s? 4f? 

25 Mn |[Ar]4s2 3d5 63 Eu |[Xe]6s2 4f? 

26 Fe |[Ar]4s2 3d® 64 Gd | [Xe]6s? 4f? 5d! 
27 Co |[Ar]4s? 3d? 65 Tb |[Xe]6s2 4? 

28 Ni |[Ar]4s?3d® 66 Dy | [Xe]6s? 4/'? 

29 Cu |[Ar]4s! 3d! 67 Ho | [Xe]6s? 4f!! 

30 Zn |[Ar]4s? 3d!° 68 Er | [Xe]6s?4f'7 

31 Ga |[{Ar]4s*3d!°4p'| 69 Tm |[Xe]6s2 4f" 

32 Ge |[Ar]4s?3d!° 4p? | 70 Yb | [Xe]6s*4f"* | 
33 As |[Ar]4s*3d!° 4p?| 71 Lu |[Xe]6s? 4^ 5d" | 
34 Se |[Ar]4s?3d!94p*] 72 | Hf |[Xej6és4/454 
35 Br |[Ar]4s23d!°4p°| 73 Ta |[Xe]62 4/^ 5 | 
36 Kr |[Ar]4s23d!°4p°| 74 W  [Xe]6s2 4/^ 5d* 
37 Rb | [Kr]5s! 75 Re |[Xe]6s 4/^ 5E | 
38 Sr [Kr]5s? | [Xe]6s? 4f* Sa 


4.35.1 ELECTRONIC CONFIGURATION IN 
CONDENSED FORM 

The configuration of atom can also be written in condensed 
form by taking the configurations of noble gases as the core. The 
configuration of inert gases representing as core are written as 
[He]?, [Ne]'®, [As]'5, [KrP, [XeP^*, and [Rn]36. 
For example, the electronic configuration of sodium 
(atomic number 11) can be written as Na = [Ne]3s! 
Electrons in completely filled shells are known as core 
electrons, and electrons that are added to the electronic shell with 
the highest principal quantum number are called valence electrons. 


4.36 STABILITY OF COMPLETELY 
FILLED AND HALF- FILLED SUB- 


SHELLS 


E Js! Y  |[Kr]5s? 4d! 
à He | 152 40 Zr  |[Kr]5s? 4d? 
3 | Li |[He]2s! 41 | Nb  [Kr]5s! 42^ 
^ | Be [Heps 42 | Mo |[Kr)5s! 4d’ 
5 | B [Hes22p! 43 | Tc |[Kr]Ss! 4d" 
6 | C [Heps22p 44 | Ru |[Kr]5s!4d7 
7 | N |mepsap 4S | Rh |[Kr]5s! 4d* 
5 | 0  [Beps225^ 46 [Kr]4d!? 

9 | F  [Heps?2p) 47 [Kr]55! 4d! 


The ground state electronic configuration of atom corresponds to 
the lowest energy state and gives higher stability. The electronic 
configuration of most of the atoms follows the basic rules. 
However, certain elements such as Cr or Cu do not follow the rules. 


In such elements, the two sub-shells 4s and 3d slightly differ 
in energy, i.e., 4s is slightly lower in energy than 3d orbital. In 


Y 
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such case, the electron from lower energy sub-shell may jump to 
higher energy sub-shell provided such a shift results in all orbitals 
of the sub-shell of higher energy getting either completely filled 
or half filled. The valence electronic configurations of Cr and Cu, 
therefore, are 3d? 4s! and 3d!" 4s!, respectively, and not 3d* 4s? 
and 3d? 4s?. 


The extra stability of half-filled and fully filled electronic 
configuration can be explained in terms of symmetry and 
exchange energy. 

a. Symmetrical distribution of electrons: The electronic 
configurations in which all the orbitals of the same sub-shell 
are either completely filled or half filled have relatively more 
symmetrical distribution of electrons. Consequently, their 
shielding of one another is relatively small and the electrons 
are more strongly attracted by the nucleus. This leads to 
more stability of the atom. 

For example, the expected configuration of chromium is 3g* 

4s?. But shifting of one electron from 4s to 3d orbital makes 

the configuration more symmetrical and hence more stable. 


DON 
3d 4 3d 4 
(Less symmetrical) i (More symmetrical) i 


Similarly in copper, shifting of one electron from 4s to 3d 
makes the configuration more stable. 


NINININI 
3d 4s 


(Less symmetrical) 

A ATRN E 
3d 4s 

(More symmetrical) 


b. Exchange energy: Exchange means shifting of electrons 
from one orbital to another within the same sub-shell. 
Energy is released when electrons exchange their positions 
and is called the exchange energy. The maximum the 
number of exchanges, the maximum the energy released 
and the maximum the stabilisation. Half-filled and fully 
filled degenerate orbitals have more number of exchanges, 
and consequently, they have larger exchange energy of 
stabilisation. 

For example, chromium atom with configuration 3d? 4s! has 
higher exchange compared to the configuration of 3d! 4s?. 


i253 4 Vw 
TEED Bo UD 
4s 


2 exchanges for 
2 


electron 2 


714 4 1 exchange for 
electron 3 
3 
Total exchanges - 3 2*1 —6 
Thus, in 32* arrangement, total electron exchanges are six 
which implies that there are six possible arrangements with 
parallel spin in 32* configuration. 


m 


clon hy 
aee 
LV 
THIS] aas 
2 | exch 
lj leens for 


Total exchanges =4+3+2+1=10 

It is clear from the above description that the total num 

of electron exchanges in 34? arrangement is larger, wig 

gives it relatively greater stability. 

To calculate the number of exchanges in a particular orbita 

we can use the following mathematical expression. ` 
n! 

2(n — 2)! 

where n is the number of electrons in that sub-shell, 


What will be the atomic number of an atom if its electronic 
configuration is (n — 2)s? (n — 1)s" p? ns? p? where n =3, a=), 
and b= 6? 


mx 


‘Soi. ) The electronic configuration is (n — 2)s? (n — Ls? p? ns p: 
and given that n = 3, a = 2, and b= 6. 


On substituting all the values in the configuration, we get 
(3 — 2)s2(3 — 1)s? pÉ 3s? p? = 1s? 25?2p6 3573p = 14 
Thus, the atomic number of the atom is 14. 


E 35 wise oC "Ad Uto: te y a a We if U N 
What should be the number of electrons present in X?* on the 
basis of electronic configuration if the ion X* has 14 protons’ 


ED, 573 
“Sol. ) X?- has 14 protons, so, X also has 14 protons. Therefore. 
it has 14 electrons. 
X = 147 1s? 252 2p6 3? 3p? 
X?* = |s? 25? 2p® 3s? = 12 electrons 
Ez py m 2 PRE fi 1:933 9090: 2 aa AN Eu x "S Sa 
[ILLUSTRATION 4.141. 

I. An atom has 2K, 8L, and 5M electrons. Write t® 
electronic configuration and indicate the following W n 
a. Number of sub-shells 
b. Number of orbitals 
c. Number of unpaired electrons 
d. Number of electrons having | = | 

T 
What atoms are indicated by the following configuratio®™ 
a. [He]2s! b. [Ne]3s? 3p? c. [Ar]4s? 3d 
Write the electronic configuration of the following and repo" 
the number of unpaired electrons in each case: 
a, Mn?! b. Fe?! c. Cr?! d. Zn^* 


4 


| e 
JP Electronic configuration is 


: here are2 - 8 - 5— |5 
! e given atom, t electrons, Th 2522552255120! 
os : pel configuration of the atom is i ls 25" 2p, 2p, 2p. 
electr Atomic number = 8. 


27p6 352 3 13p ! | 
| 15? 25° 2p 3s 3p, 3P, 9p, Element is oxygen. 


Number of sub-shells is 5. III. Follow the order of increasing energy (aufbau rule): 
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s Number of orbitals is 9. 

,, Number of unpaired electrons is 3. 

" Number of electrons having / = | is 9. 

Li b. P c. Sc 
, Mn** (Z= 25): 1s? 2s? 2p® 3s? 3p$ 3d 
p. Fe (Z= 26): 15? 2s? 2p® 352 3p$ 345 

; Crt (Z7 24Y: Is? 25? 2p® 3s? 3p$ 3g 

à. Zn (Z= 30): 15? 25? 2p® 352 3p6 3410 


II 
| 


Į, The quantum numbers of the last electron of an element are 
given below. Predict the atomic number and name of the 
element from the following quantum numbers: 


n=3,1=2,m=0, s- - 1 


3.23, V b. 21, Sc C529, ‘Cu d. 28, Ni 
II. Predict the atomic number and element from the following 


quantum numbers: n = 2,1 — 1, m — —1, diu. 


a. 5, B b. 8, O c, 6, C d. 7, N 


III. Write the electronic configuration of following species. Also 
find the number of unpaired electrons in each. 
a. Fe, Fe*~, Fe?* (Z of Fe = 26) 
b. Br, Br® (Z of Br = 35) 
c. V, V* (Z of V = 23) 


Structure is 3d Atomic number = 28 


The element is Ni. 
II. b. 


Is 2s 2p 3s 3p 4s 3p 4d 5s 4d... 

Fe (Z = 26): 1s? 232 2p6 35? 3p6 4s? 3d 

Note that 3d orbitals are not fully filled. 
RO 0 0 

Orbitals filled as per Hund's rule. 

Clearly, the number of unpaired electrons is 4. 

* Fe?*: (Z= 26) [Number of electrons = 24] 

While writing the electronic configuration of cations, 

first write the configuration of neutral atom and then 

'remove the desired number of electrons from the 

outermost orbital’. 

In Fe**, remove 2e- from 4s? since 4s orbital (though 

lower in energy than 3d) is the outermost. Hence, the 

configuration of Fe2* is 1s? 2s? 2p 3p6 3° 4s. 

Note that the number of unpaired electrons remains same 

as that in Fe, i.e., 4. 

* Fe3*(Z= 26) [Number of electrons = 23] 

Now remove 2e” from 4s? and le~ from 34 to get the 

electronic configuration 1s? 2s? 2p6 3s? 3p6 3d? 4s? 

Note that now all d orbitals have an odd electron (i.e., 

are half filled). 


Hence, the number of unpaired electrons in Fe is 5. 


. Br(Z=35) 


Following aufbau rule, the electronic configuration is: 
15? 2s? 2p6 3s? 3p6 3419 45? 4p°. 

Clearly, one of the 4p? orbitals contains unpaired 
electrons: 


4p = 
Orbitals filled as per Hund’s rule 
Hence, Br has only one unpaired electron. 
* Br? (Z = 36) 
Since anion (s) is (are) formed by adding electron (s), 
so simply write the electronic configuration as per the 
total number of electrons finally. 
For Z = 36, configuration is 
1s? 2s* 2p® 3s? 3p6 3419 4s? 4p6 
Clearly, there are no unpaired electrons. 
Following the pattern in (a), we can write the electronic 
configuration for V as follows: 
V(Z = 23): 1s? 2s? 2p® 3s? 3p® 4s? 34? 
^ «GXXDOO 
Orbitals filled as per Hund's rule 
Three unpaired electrons 
e V% (Z= 20) 
Remove 3e from the outermost orbitals successively, 
i.e., 2e" from 4s? and le" from 3d?. Hence, the electronic 
configuration of V?" is 
1s? 252 2p6 3s? 3p6 4s? 3d? 
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Me DDOOO MLLUSTRATION 4.144. 


Orbitals filled as per Hund's rule Write the electronic configuration of the following and re 
Two unpaired electrons, number of unpaired electrons in cach, Port th, 
ILLUSTRATION 4.143. & Mn" b. Cr” e. Fe” d. Ni? 
] i e. Cl f. Zn?' g. Fe?! h. Na 
1. Which of the following is the number of electrons present i. Mg jJ, Ce" 
in X= on the basis of electronic configuration if the ion 
N^ has 14 protons? ‘Sol. Electronic Number of 
a. 12 b. 14 WI a. 18 configuration unpaired electr, 
mS ; ir a. 4Mn" — 152 292 2p^ 35? 3p 3f ; 
H. Which of the following is the electronic configuration of set " 224 2pfi 341 406 3, | 
an atom in its first excited state if that atom is isoelectronic b. Cr Is" 2s 2p" 3e 3p" 3a 4 
with Q.? c. Fe Is? 2s? 2p8 35! 3pP 3 5 
a. [Nc]3? 3p? b. [Ne] 3s? 3p? 3d! d. 4,Ni? — 1522s? 2pf 35? 3^ 34 2 
c. [Ne]3s! 3p? d. None of these Gi CI? — 1572572p9 35* 39^ 0 
IH. Which of the following is the electronic configuration of P fe Zn 1242525935334" 0 
in H,PO,? g. j,Fe" 1522s? 2p® 35? 3p? 346 4 
a. [Nc] b. [Ne] 3s? 3p* h. Na 15? 2s? 2p6 3s! | 
c. [Ne] 3° d. [Ne] 3s? 3p! i Mg 15? 23? 2p® 352 0 
IV. A neutral atom of an element has 2K, 8L, 9M, and 2N je 4Cr* 142029 339*3£ 3 


electrons. Find out the following: , : 
Note: In case of writing the electronic configuration of cation, 


a. Atomic number f 
first write the configuration of the neutral atom and then take 
b. Total number of s electrons y 
out the desired electrons from the outermost shell. 
c. Total number of p electrons 
d. Total number of d electrons ME 
p caccia ,,Mn : Is? 2s? 2p® 3s? 3p® 3d? 4s 
e. Valency of the element 
: á ; ,,Mn? : 1s? 2s? 2p6 3s? 3p® 3d? 4s! 
f. Number of unpaired electrons f 
I. a. X^ has 14 protons, i.e., X also has 14 protons and, Write the four quantum numbers for V and VI electrons of 
r = JA = 1352232 28 352 35? 
a ! ^ " ei 2p m F (Sol... 6C: ls? 2s? 2p? 
X^ = Is} 2s* 2p? 3s* = 12 electrons . : 
i ee ae V electron : V1 electron 
IL b. 16 electrons = 1s* 2s^ 2p? 3s* 3p d yes 
(Two unpaired electrons) paj j=] 
(Four unpaired electrons) "x l Dres 1 x ee i 
HL b. [Ne] 3^ 37^ 2 2 2 2 
IV. Electronic configuration of the neutral atom: ILLUSTRATION 4.146. 
is’ 2s ^2 p" 34 3 p Ad 4s” I. Given below are the sets of quantum numbers fer given 


r3 L M ON orbitals. Name these orbitals, 


a. Atomic number = Total number of electrons in neutral a nz? i= | qu 
atom = 21 b.n-4 1-2 m0 
b. Total number of « electrons H ¢n=3 l= 1 m= +l 
c. Total number of p electrons p d.5-4 ł= 0 moO 
d. Total number of d electrons J en=3 l=? m= +2 
e. Valency of element > 12 and '^ IL. Be! captures a K electron into its nucleus, What is the mas? 
(due to number of electrons im outer shell and penultimate Mint dbi nom hes of the nustide formed? | 
d sub-shell) HE, a, Anatomic orbital has a= 3, What are the possible value 
f. Number of unpaired electrons > | (of 34d) of /? | 
b. Anatomic orbital has / = 3. What are the possible value 
ot m? 


"m 
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TTT For 3s, 1 =3 and / - 0 


E x n-2and/-1 s 2p 


Alsom--l > 2p, Or 2p, 


b. Ad? 
| c. 9, OF 3p, 
| d. 45 
| e. 3d,2 -y2 or 3d, 


il. Bel de Bee Li! 
. Atomic number = 3; mass number = 7 
n. a. When 7 = 3, / — Q, 1, 2. 
p. When / = 3. m =—3. —2, —-1, 0. 1, 2.3. 


jdüErmATION 4.147 


|, Using the s, p. d notation, describe the orbital with the 
following quantum numbers: 
a.n=1,1=0 bon =2,1=0 
Gn = 3-4 d.n=4,1=2 
e.n=4.1=3 
II. Using the Aufbau principle, write the electronic configuration 
for the grouped state of the following atoms: boron 
(Z = 5), neon (Z = 10), aluminium (Z = 13), chlorine 
(Z = 17), calcium (Z = 20), rubidium (Z = 37). 
III. The electronic configuration of an element is 1s? 2s? 2p6 3s? 
3p 3? 4s! . This represents its 


a. Excited state b. Ground state 
c. Cationic form d. Anionic form 
L a. 1s b. 2s c. 3p d. 4d e. 4f 
IL a. Boron (Z= 5) 15^ 25^ 2p! 
b. Neon (Z= 10) 1s? 2s? 2p,” 2p? 2p? 


c. Aluminium (Z = 13) 1s? 2s? 2p? 3s? 3p! 

d. Chlorine (Z=17) 1s? 2s? 2pf 3s? 3p? 3p? 3p} 

e. Calcium (Z=20) 152 2s? 2p6 3s? 3p6 4s? 

f Rubidium (Z=37) 1s? 2s? 2p6 3s? 3p° 3d’? 4s? 4p® 5s! 
IIL b. Ground state, because half-filled d orbital is more stable. 


4.37 SPHERICAL (OR RADIAL) NODES 
AND NODAL PLANES 


a. Spherical node: The spherical surface where the probability 
of finding an electron is zero is called a spherical node or 
radial node. 


In general, number of spherical nodes in an orbital =n—/—}. 


where n is the principal quantum number and / is the 
azimuthal quantum number. For example, 
i. Forls,n=1and/=0 
No. of spherical nodes = ] 0-1 = 0 
ii. For2s,n -2and/- 0 
No. of spherical nodes - 20 —1- | 
iii. For 2p, n = 2and/- | 
No. of spherical nodes = 2-1 -1 7 0 


No. of spherical nodes = 3 — 0 — 1-22 
v. For 3p,n=3and/= | 
No. of spherical nodes = 3 — 1 — 1-71 
b. Nodal plane: The plane in which the probability of finding 
an electron is zero is called a nodal plane. Number of 
nodal planes for an orbital — /. For example, (i) s-orbital 
(/= 0) has no nodal plane, (ii) p-orbital (/= 1) has one nodal 
plane, (iii) d-orbital (/ = 2) has two nodal planes and (iv) 
f- orbital (/ = 3) has three nodal planes. 
c. Total number of nodes = 7 - | 


Spehrical 
node 


Planar node 


Fig. 4.32  Spherical nodes and nodal plane in 3p-orbital 


4.38 ORBITAL WAVE FUNCTIONS 
PROBABILITY DISTRIBUTION 
AND SHAPE OF ORBITALS 


An atomic orbital is a one-electron wave function w (r. 8. ©) 
obtained from the solution to the Schródinger equation for 
the hydrogen atom. It is a mathematical function of the three 
coordinates of the electron (r, 0, ọ) and can be factorised into three 
separate parts each of which is a function of only one coordinate: 
y(r, 9, 9) = R(r) O(8) P(o) 

where R(r) is the radial function which gives the dependence 
of orbital upon the distance r of the electron from the nucleus 
and @(8) and @(q) are the angular functions giving the angular 
dependence of orbital on 0 and 9, respectively. Further, the radial 
function depends upon the quantum numbers n and /, whereas the 
angular part depends upon the quantum numbers / and m, and is 
independent of n. The total wave function y may, therefore, be 
more explicitly written as 


wir, 8, p)= Rpt) © (0) P, 


Radial part Angular part 


l,m 


The orbital wave function y has no physical significance. 
It is the square of the absolute value of the orbital wave function 
|y P which has a physical significance-—it measures the electron 
probability density at a point in an atom, lt would, therefore, be 
interesting to know how w and | y |? vary as a function of the three 
coordinates r, 0, and q for different orbitals. Such a representation 
of the variations of y or | y |? in space would, however, need à 
four-dimensional graph-— three dimensions for the coordinates and 
the fourth for y or | y |°. It is not possible to show such a variation 
in a single diagram since we can draw only two-dimensional 
diagrams on paper. We can get around this difficulty by drawing 
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n, 


separate diagrams for (i) variation of radial function and (ii) 


-S Volume of small shell 
angular function. 


4.38.1 VARIATIONS OF RADIAL WAVE FUNCTION R 


a. Plots of radial wave function R against the distance r: 
The variation of the radial part of the orbital wave functions 
for 1s. 2s, and 2p orbitals is given in Fig. 4.33. In all these 
cases, R approaches zero as r approaches infinity. In 2p 
orbital plot, one can observe that the radial function value 
changes from positive to zero then to negative. The region 
where this function reduces to zero is called nodal surfaces 
or simply nodes. In general, it has been found that ns orbital 
has (n — 1) nodes, that is the number of nodes increases 
with an increase in the principal quantum number n, i.e., 
number of nodes for 2s is one and for 3s is two and so on. 
The importance of these plots is that it gives information 
about how the radial wave function changes with distance 
r and also about the presence of nodes where the change of 


sign of R occurs. 
ls | 2p 
a | x x 
Mee 
r r 


Fig. 4.33 Plots between R andr 


b. Radial probability density (R7): The square of the radial 
wave function, R7, is the measure of the probability of 
finding the electron in a unit volume around a particular 
point and 1s called probability density. 


The plots in Fig. 4.34 inform us about the probability density 
orrelative electron density at a point asa function ofradius. It 
is observed that for s orbitals, the maximum electron density 
is at the nucleus, while all other orbitals have zero electron 
density at the nucleus. For 1s orbital, probability density 
decreases sharply as we move away from the nucleus. On 
the other hand, for 2s orbital it first decreases sharply to zero 
(nodal point or node) and again starts increasing. 


Fig. 4.34 Plots of R? against r (atomic radius) for 1s, 2s, and 2p 
orbitals 


c. Radial distribution function, (4x7? R?): The radial density 
R? for an orbital, as discussed above, gives the probability 
density of finding the electron ata point at a distance r from 
the nucleus. Since the atoms have spherical symmetry, it 
is more useful to discuss the probability of finding the 
electron in a spherical shell between the spheres of radii 
r+ dr andr. 

Thus, the radial probability is the probability of finding the 
electrons ín a small spherical shell around the nucleus at a 
particular distance from it. 


= (Volume of bigger sphere) — (Volume of smalle, sph 
her 


= 3 


4 
f n(r + dr) - rad 


3 


3 
4 
on + dr) + 3r/dr + 9r dr’) - rid 


As dr is very small, so its higher power can be ne 


: | 
Thus, the above equation becomes Electeg 


7 dr) | 


Thus, radial probability = 4rrèdr y? Fig. 4.35 

The radial probability function (41? R?) givesthe Probab 
of finding the electron at a distance r from the Duce; 
regardless of direction. 

The radial probability distribution curves obtained b 
plotting radial probability functions versus distance : 
from the nucleus for 1s, 2s, and 2p orbitals are shown in 


4 
si nr? + 3r/dr) -— nr 
3 3 


nr? + Anr/ dr - frr = 4nr°dr 


w| 4 


Fig. 4.34. 
ls 2s 2p 
4. à i 
à E $ 
r r r 


Fig. 4.36 Plots of 4nR? against r (atomic radius) for 1s, 2s and 2p 
orbitals 


The important features of these plots are discussed below: 
1s orbital: 


The radial probability function for 15 orbital initially increases with 
an increase in distance from the nucleus. It reaches a maximum 
at a distance very close to the nucleus and then decreases. The 
maximum in the curve corresponds to the distance at which the 
probability of finding the electron is maximum. This distance is 


called the radius of maximum probability and for hydrogen atom 
has a value of 52.9 pm. 


It may be noted that while Bohr's model restricts the 
electron to a definite orbit at a fixed distance from the nucleus, the 
quantum mechanical model gives merely the maximum probability 
offinding the electronat 52.9 pm distance from the nucleus. Incas 
of hydrogen atom, according to Bohr's model, the electron always 
stays at a distance of 52.9 pm from the nucleus. According to the 
quantum mechanical model, however, the electron in the hydroge" 
atom can be at any distance but, the most probable distance f 
finding the electron is 52.9 pm. 


2s and 2p orbitals: 


The radial probability function curve for 2s orbital shows "W° 
maxima—a smaller one near the nucleus and a bigger one at? 
larger distance. In between these two maxima, it passes through 
a zero value indicatin i 


^i electron at that distance. The point at which the probability 0 
inding the electron is zero is called a nodal point. 


" ". ei distance of maximum probability for a 2p electron i 
gnuly tess than that for a 2s electron. However, in contrast t0 


g that there is zero probability of finding 


a 


} 


. This 
al spends some of its time 
s electron penetrates a little 
c, held more lightly than the 


ason why the 2s electron is more stable 
an the 2p electron, 


curve, there is a small additional maximum in the 2s curve 
indicates that the electron in 2. orbit 
near the nucleus. In other words, the 
closer to the nucleus and is, therefor 
2p electron. That is the rc 
and has lower energy th 


4.38.2 PLOTS OF ANGULAR WAVE FUNCTION ‘Ody 


As already mentioned, the angular Wave function ‘Oq’ depends 
only on the quantum numbers / and m, and is independent of 
the principal quantum number 7 for a given type of orbital. It 
therefore means that all s orbitals will have same angular wave 
function. The plots of the angular wave function ‘Oq’ and angular 
probability density |O@|? for s and p. orbitals are shown in 
Fig. 4.37(a, b). Let us discuss both these plots separately, 


P: P: 


(b) 
on for hydrogen-like 
(b) angular probability 


dimensions of the three- 
shown 


(a) 
Fig. 4.37 (a) Angular part of the wave functi 
s orbitals and D, orbital, and 


function for P, orbital. Only two 
dimensional function have been 


a. Angular wave function Qd |Fig. 4.37(a)]: For an 

s Orbital, the angular part is independent of angle and is, 
therefore, of constant value. Hence, this graph is circular Or, 
to be precise it is spherical in three dimensions. For the P, 
orbital, we get two tangent spheres. The D, and p, orbitals are 
identical in shape but are oriented along the x- and y- axes, 
respectively. The angular wave function plots for d and f 
orbitals are four-lobed and six-lobed, respectively. 
It is necessary to keep in mind that in the angular wave 
function plots, the distance from the centre is proportional 
to the numerical values of ‘O@’ in that direction and is not 
the distance from the centre of the nucleus. 

b. Angular probability density Gc? [Fig. 4.37(b)]: The 
angular probability density plots can be obtained by 
squaring the angular function plots shown in Fig. 4.37(a). 
On squaring, different orbitals change in different ways. For 
an 5 orbital, the squaring causes no change in shape since 
the function is same everywhere; thus another sphere is 
obtained. For both p and d orbitals, however, the plot tends 
to become more elongated on squaring as shown for p, in 
Fig. 4.37(b). 


4.38.3 PLOTS OF TOTAL PROBABILITY DENSITY: 


SHAPES OF ATOMIC ORBITALS 


The problems associated with the representations of the variations 
of | y |? in space have been circumvented by the following two 
approaches: 


a. Boundary surface diagrams: The shape ofthe orbitals can 
be represented quite accurately with the help of boundary 
surface diagrams. In this representation, a boundary surface 
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(contour surface) is drawn in space for an orbital on which 
the value of probability density (y?) is constant. 

A boundary surface that encloses the regions of maximum 
probability (say 90%) best describes the shape of orbitals. 
It is not possible to draw a boundary surface diagram of a 
rigid size in which the probability of finding the electron is 
100%. It is because the probability density | w |? always has 
some value, however small it may be, at any finite distance 


from the nucleus. The boundary surface diagrams for 1s and 
2s orbitals are given in Fig. 4.38, 


1s 2s 
Fig. 4.38 Boundary surface diagrams for 1s and 2s 


The boundary surface diagrams for s orbitals are spherical 
in shape, i.e., the probability of finding the electron at a 
given distance is equal in all directions. The size of the 
s orbitals increases with increase in n, that is 4s > 35 > 
2s > ls, and the electron is located further away from 
the nucleus as the principal quantum number increases. 


Boundary surface diagrams for three 2p orbitals (/ = 1) are 
shown in Fig. 4.39. 


2p, 
2 


2p. 
a | a 
—— >x 


—X 


Fig 4.39 Boundary surface diagrams for three 2p orbitals 


The diagrams are not spherical. Each p orbital consists of 
two sections called lobes that are on the either side of the 
plane that passes through the nucleus. The three 2p orbitals 
lie along x-, y- and z-axes, respectively, and are designated 
as 2p., 2p, and 2p.. The three p orbitals are identical in 
shape, size, and energy, but they differ only in orientation. 
Like s orbital s, p orbitals increase in size and energy 
with an increase in the principal quantum number as 
4p > 3p > 2p. | 

The boundary surface diagram for d orbital is shown 
in Fig. 4.40. The five d orbitals are designated as 
d, sid oct u.a y» and d. The shape of the first four 
d orbitals are similar to each other, whereas the fifth one d? 
is different from other orbitals. 
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Thed orbitals for which r is greater than 3 (4d, 5d) also have 
shapes similar to 3d orbitals but differ in energy and size. 


“ 


(d) (e) 


Fig. 4.40 Boundary surface diagrams for five 3d orbitals 


b. Charge cloud diagrams: This is an alternative way to 
describe probability (v) in terms of negative charge cloud. 
The charge cloud is represented by small dots, and the 
probability of finding the electron in a particular region of 
space is directly proportional to the density of such orbits 
in that regions. The charge cloud diagrams of 15, 2s, and 3s 
orbitals are shown in Fig. 4.41. 


Nodal surface 
* " 
= f 
: 3s 
(a) (b) (c) 


Fig. 4.41 Charge cloud diagram of (a) 1s orbital, (b) 2s orbital, and 
(c) 3s orbital 

For p-orbitals, there are three possible orientations of 
electron cloud. These three orientations or orbitals of a 
p sub-shell are designated as p, Py and p, or p,,, p ,, and 
Pe respectively. Po Py and p, orbitals are oriented along 
x-axis, y-axis, and z-axis, respectively. Each p orbital has 
two lobes, which are separated by a plane of zero probability 
called nodal plane. Each p orbital is, thus, dumb-bell shaped. 
The spatial distribution of 2p orbitals is shown in Fig. 4.42. 


2p, 2p, 2p, 
Fig. 4.42 2p orbitals 


— 


In the absence of an external electric or ma inenca. 

the three p orbitals of a particular energy level have fie | 
energy. Such orbitals having equal energy are aan 
degenerate orbitals. In the presence of external ma alleq 
or electric field, this degeneracy is lost because the de 
p orbitals are oriented differently with respect to appli 


field. 
The charge cloud picture of the five 3d orbitals is given . 
à Blven In 
Fig. 4.43. 
Z 
3d,y 
Zz Z 
^ 
| AY wy 
l] P d 
= >x 777-777 ie <----+x 
I P 
l 2^ 
P | - 
[ 
| 
3d. y2 3d 


Fig. 4.43 The five 3d orbitals 


The nucleus of an atom is located at x = y =z — 0. 

a. Ifthe probability of finding an s orbital electron in a tny 
volume around x = a, y = z = 0 is 1.0 x 107, whats 
the probability of finding the electron in the same sized 
volume around x = z = 0, v = a? 

b. What will be the probability at the second site if the 
electron is in p, orbital? Explain. 


a. The distance of s orbitals, 1.0 x 10™, is the same fer 
two volumes (i.e., x = a, y= a, a — 1.0 x 10) and thes 
orbital is spherically symmetrical. Hence, the probability 
of finding the electron in each of two volumes is S21" 

b. Since the p, orbital has a node at z = 0, the probabili? 

of finding the electron in this volume is Zero. 


I. Which of the d orbitals lies in the xp-plane? 


a. d, b. n. 
e do 2 d. d, and do ,? 
HI. Suggest the angular and spherical nodes in the following? 
a. 3p b. 3d c. 2s d. 3s 
MI. The wave function y in the Schródinger wave equatio" 
represents 


a. Probability of the electron 


ALOT Seren | 


b. Amplitude of the wave 
c. Frequency of the wave 
d. Speed of the wave 


p The d2_,2 orbital lies in the xy-plane. 
il. Angular nodes = / (azimuthal quantum number) 
Spherical node -n-/-1 


s. T. b. 2.0 c. 0, 1 d. 0, 2 


ji. b. 


The wave function of 3s electron is given by 


L f*Y 3 
_=—=|— 55 AS RC. i. 5L -r/3ag 
— E 


It has a node at r = rọ. Find the relation between ry and ap. 


At nodal point, y = 0. From the given wave function, we 
find that v = 0 at following values of r : 


Solving for rp/ap, we get 


n 18-418 -216 184104 
qa 4 2. 
Hence r = 142a, and r, = 3.9a, 
Besides there is a node at r= ©. 


Draw the radial probability distribution curves for 2s and 2p 
electron orbitals and compare them. 


Sol. The radial probability distribution curves for 2s and 2p 
electron orbitals are given below: 


| 2s orbital 2p orbital 
AX » «i 
Po — o 
Radial probability Radial probability 
distribution curve for distribution curve for 
2s electron orbital 2p electron orbital 


Comparison of radial probability distribution curves for 
2s and 2p electron orbitals: The following points are 
noteworthy when we compare the radial probability curves 
for different electron orbitals: 


a. The radial probability distribution curve for 2s electron 
orbital shows two maxima—a smaller one near the 
nucleus and a bigger one away from it at a larger 
distance. In between two maxima, there is one minimum 


where the probability of finding the electron is almost 
at the nodal point. 

b. Although the radius of maximum probability for 2p 
electron (210 pm) is slightly less than that for 2p electron 
(270 pm), because of the presence a small additional 
maxima, 2s electron spends some more time near the 
nucleus than 2p electron. In other words, 2s electron is 
held more tightly by the nucleus than 2p electron. This 
is what we actually observe. 


In all, how many nodal planes are there in the atornic orbitals for 
the principal quantum number n = 3? 


PSol. ^ Shell with n = 3 has Is (3s), 3p (Po Py» P; and 5d 


(d, us d, d? m and d 2) orbitals. 


e  shas no nodal plane. 


* Each of p, P, p; has one nodal plane, which means a 
total of three nodal planes. 

e dn has no nodal plane 

Each of d. T as T da. E has two nodal planes, which 

means a total of eight nodal planes. 


Hence, for n = 3, a total of 11 nodal planes are there. 


I. Choose the correct statements from among the following: 

a. A node is a point in space where the wave function (w) 
has zero amplitude. 

b. The number of peaks in radial distribution is n — l. 
c. Radial probability density t, , (n = 47^, (7). 
d. y? represents the atomic orbital. 

II. Which ofthe following radial distribution graphs corresponds 
to / — 2 for H atom for the least value of n for which / = 2 ts 
allowed? 


Rr) 


rR) 


PRA 7^ 
c. ` d. 
— 


IL. For an electron in a hydrogen atom, the wave function y 
is proportional to exp-r/dy, where a, is the Bohr’s radius. 
What is the ratio of the probability of finding the electron 
at the nucleus to the probability of finding it at ay ? 

a. e b. 1/e? c. e d. 0 


r> 


4.76 Physical Chemistry 


IV. The wave func 
given as under: "on of toic orbital of H-like atoms is I. Angular nodes = /, spherical node = n - |. ] 
l E K a. 1,2 b. 1,1 c. 0,2 
sc mi Er j r/2 

Qc Tea n Il. c fy DE ae oem ce Vw=0 
Given that the radius is in A, then which of the following j d - 
is the radius for nodal surface for He? ion? III. c. Sign of wave function 

IV. c. 3 (n, /, m) 


a. | au b.2au c. 2.5 au d. 4 au 


I. Which of the following d-orbitals has dough-nut Shape) 


I. a, b, al stat 
( c) (Factual statement) . l ad., b. d, cd d.d; 
(d) is wrong as y represents atomic orbitals, v^ represents 4 z 
probability and density. H. The nütiber of nodal planes d orbital has 
Il. c. Option (c) represents the ante of i — 2 for H atom. a. Zero b. One c. Two d. Three 
a. Two nodes: (n —/—1)= 2, (n-2-1)- III. The energy of state s, in units of the hydrogen atom Browns 
"n7 5 (High value of n) state energy is 
a. 0.75 b. 1.50 c; 2:25 d. 4.50 


b. One node: m 1)71,n 4. 
c. Zero node: (n — 2 — 1) = 0, n = 3. (Minimum value of n ED 


which /= 2 is pee I. d.d» 
d. Graph does not correspond to any radial distribution "S USO 
curve. 
III. d. Because probability at s = a, is proportional to III. c. 
g sla — p? Spherically symmetrical state (1.e., s orbital) with one radi; 
[e P= | V P oc (e y] node = 2s = 51 
(n—-1—- 1) 


Probability at nucleus — 0 
n — 2 —— s, (one radial node) 


IV. a. (2- Zr) -0(- Z=2 for He9) bis 
and (E) 2+ = (E)qg ' 
=> -13. ii e = -]3. t. 
n; r 
LLUSTRATION 454 = ms 
p | APA => §,=3p 
I. Suggest the angular and spherical nodes in p 32 
a. 4p b. 3p c. 3s E, -13.60% F 
IL The correct Schrödinger wave equation for an electron with ' (Œ) H E =2.25 
H'n=l  —13.6x 2 


E as total energy and V as aun energy is 


dy dw dy 8x ug -Vyy=0 


de MU d dz mh 
dy dy d 8mm 
QE LE P2 (E-V)y =0 
ps p^ dz 1. How many quantum numbers are needed to designate ?' 
N d dw, d'y dy 8n^m (E -V)y -0 orbital? Name them. 
" yea ta Y à 2. The principal quantum number » of an atomic orbital 1s 
LZ P j E, What are the possible values of /? Nr 
d. F + rA + LT T zo (E-V)y-0 3. The azimuthal quantum number / of an orbital is 2. What 
X 9 Z are the possible values of m? - 
o exist: | 


III. In an atomic orbital, the sign of lobes indicates the 


4. What is the lowest value of» that allows g orbitals t 
a. Sign of the probability distribution 5 


Give the notation for the sub-shells denoted by the following 
quantum numbers: 


b. Sign of charge 
c. Sign of the wave function an=5,/=2 b.n=6,/=3 
d. Presence or absence of electron nm d ema À A : | have 
PUn f ES 6. How many electrons in a fully filled / sub-shel 
IV. The permissible solution to the Schródinger wave equation m,- 0? 
gave an idea of ............. quantum numbers. 7. An electron is in one of the 3d orbitals. Give the possibl 
a. 4 b. 2 c. 3 d. | values of n, /, and m, for this electron. 


EEE Ul 
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ifthe largest value of m, for an electron is + 3, in what type 
$. ; ubshell the electron may be present? 


explain. giving reasons, which of the following sets of 
9. “antum numbers are not possible. 

: n=0 1=0 m,-0 m, =+1/2 

p n7] 1=0 m,=0 m, --V2 

c n=l =] m,=0 m, - 41/2 

à n=? p= m,=0 m, =- 1/2 

e n=3 j=5 m=-3 m, =+1/2 

( n=3 l=1 m,-0 m, -4V2 
10. How many electrons in an atom may have the following 

quantum numbers? 

l 
parim b.n=3,]1=0 


{1. How many orbitals are possible in 
a. 4th energy level b. 5f sub-shell 


2. What are the possible values of m, for the different orbitals 
of 
a. p sub-shell b. d sub-shell 

| Whatis the shape of 2s orbital? Give two points of difference 
perween 1s and 2s orbitals. 

14. a. How many sub-shells are associated with n = 4? 


-—* 
ta 


b. How many electrons will be present in the sub-shells 
having m, value of -1/2 for n = 4? 
15. How many spherical nodal surfaces are there in 
a. a 3s orbital b. a 3p orbital 
Objective Type 
16. The principal quantum number represents 
(1) Shape of an orbital 
(2) Number of electrons in an orbit 
(3) Distance of an electron from the nucleus 
(4) Orientation of orbitals in space 
17. The energy of an electron of 2p, orbital is 
(1) Greater than 2p orbital 
(2) Less than 2p, orbital 
(3) Equal to 2s orbital 
(4) Same as that of 2p, and 2p, orbitals 


18. The orbital angular momentum of an electron in 2s orbital is 
h 

(1)4 (2) 1 (3) 0 Gis 
2n 


| . 
. 19. Thenumber of nodal planes (planes of zero electron density) 
in the d, orbital is 


(1) 1 Gy2 (3) 0 (4) 4 
BEEN. AES ANSWERB OO Oe 
Subjective Type 
| 


2. Possible values of / are 0, 1, 2, 3 and 4 
3. Possible values of m are +3, +2, +1, 0,-1, 2, -3 
4. n- 5 6.2 11. a. 16 b. 7 


os AU Fit shah Uter CURE CTO E À oci diti ay EMT 
From the following sets of quantum numbers, state which are 


12. a. 41,0, -1 b. +2, +1, 0, -1, 22 | 
15. a. Two b. One 


Objective Type l 
16. (3) 17. (4) 


18. (3) 19. (2) 


idiaimen iain | 


b Solved Examples |J] 


Level-l 


Ren) D UN 


a. What is the shape of 
i. s orbital ii. p orbital 

b. Which of the following orbitals arc spherically 
symmetrical ? 


i. p, ii. 5 iii. P, 


a.i The shape of s orbital is spherically symmetrical. 
The size of a s orbital depends upon the principal 
quantum number n. The size of s orbital belonging 
to the second principal quantum number is bigger 
than the first. 

ii. Aporbital is double shaped whose lobes point along 
X-, y- OF z-axes. 
b. sorbital 


possible. Explain why the others are not permitted? 
a.n=0,1=0,m=0,s=+1/2 
b.n- 1,/=0,m=0,s=-1/2 
e.n=1,l= l,m=0,s=+1/2 


a. is not possible because n = 0 is wrong. 
b. is possible. 
c. is not possible because | 2 nis wrong. 
d. is not possible because m = +1 is wrong. 
e. is not possible. 
f. is not possible because l= 2 is wrong. 


g. is possible. 


What are the speed and de Broglie wavelength of an electron 
that has been accelerated by a potential difference of 500 V? 


The KE of the electron under a PD of 500 V is 
1/2 mv? = eV 
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9. 1x 10 7! kp 
= 1,326 x I0 ms'! 
Using de Broglie equation, 
h . 


"" 2 
- E (1.602 x 10 C) (500 V) 


26x10 Js 
À = MEE ERES = 5.5 x 10 Im 
(9.1x10 kg) (I.326x10 ms ) 


Calculate the IE of (a) one Li?" ion (b) one mole of Li?" ions, 
Given Rydberg constant = 1.0974 * 107 m |. 
Sole For ionisation, n, = 1, 7, = © 
-. IE is given by 


a. AE = ZRhe = (9) (1.974 x 107 m!) 
x (6.626 x 107% J s) (3 x I0 m s!) 


= 19.638 x 10! ^ J 


b. AE- N,AE - (6.023 x 1023 mol!) (19.638 x 10!^ J) 
l = 1.118 x 107 J mol"! 


= 1.118 x 104 kJ mol”! 


rw [ 


M 
UM (nti 
j] AM en 


In an oil drop experiment, the following charges ( in arbitrary 
units) were found on a series of oil droplets: 2.30 x 10-15, 6.90 
x 10-15, 1.38 x 10714, 5.75 x 1075, 3.45 x 10 15. 1.96%, 10714, 
Calculate the magnitude of the charge on the electron. 
Sole 1.15 x 10-!5 is the largest number that divides all the listed 
charges evenly. The smallest of the charges listed is 2.30 x 
10-15, but this charge does not divide into all the others an 
even number of times; hence, 2.30 x 107!5 must represent 


the charge of two electrons. 


The wave number of the first line in the Balmer series of 
hydrogen is 15200 cm~!. What is the wave number of the first 


line in the Balmer series of Be**? 
HOD AEBe) = ZAE(H) 
v (Be) = 16V (H) 
= 16 (15200 cm!) = 2.43 x 105 cm! 


What optical transition in the H e? spectrum would have 
the same 2 as the first Lyman transition of hydrogen| 


(n=2ton=1)? 
b. What is the IP of He® 
What is the radius of the first Bohr orbit for He®? 


7 
A 2 
n, 


The first Lyman transition for hydrogen is 


v= ns) i) 


y 


af | | 
l'or He", V= RQ) | md T 
hoo) 
The Z term ean just he compensated by nereng 
' y ' UL ’ g 2 . j 
and n, by n factor ol 2 onch, The transition ine 
is thus the transition from n — 4 ton 2, 

b. The second IP of He is the same ns the [p of Heh 
the Bohr equation may be applíed to the ground ' 
of He", for which p ^ 2 and à — f, 

IP (He) Z2 x IP(H) 4% 13.6 eV = 544 ey 


"i 
lenio 
Mala 


2 ( 
jo Hy OSOA oa A 
7 2 


Calculate the velocity of an electron placed in third orbit of 
atom. Also calculate the number of revolution per second roug, 


the nucleus. 


o AFIQ ( ze? \ 
GAN) ror CGS system v, = loon | 
mr 
n 
l'or electron, e= 4.803 % 1071 esu 


m= 9108 x 10° g 
Radius of third orbit =r, ^ n? = 0.529 x 10^ x 9 cm 


T 1 x (4,803 x10 
VS AA TAG 2# Boa 
9.108 x10 7 x 0.529 x 10 x9 


= 7,29 x 107 em s”! 
Now circumference of third orbit 
=2 x mx 0.529 x 10” x9 
= 29.93 x 10” cm 


Therefore, number of revolution per second 


102 
) 


nm 7 
u, 7.29x10 -243x10" 


2nr 2993x10^ 


The velocity of an electron in a certain Bohr orbit of H atom 
bears the ratio 1:275 to the velocity of light. 
a. What is the quantum number (n) of the orbit? 
b. Calculate the wavenumber of radiations emitted when 
the electron jumps from n + / state to ground state, 


WSU Velocity of electrons 


| 
= oe x velocity of light 


| 
EEE =1.09« 10% ems ' 


I 


ne’ 


Since v = 
H 
nli 


2x3.14 x (4.803 x 10)" 
6.625 x 10 7 x n 


“n= 20.06 x 107! 22 (an integer value) | 


| 


— 


^. 1.09 x 108 = 


12 


hen the election jumps Atoma | T de, third to ground 


INS 

ate 

m jd d 
N » u N k v 


= \OXOTS 


| sonisation CHEERY of H atom is 13.6 eV, What will be the 


A 


^ TY i 
eatin enetuv ot ue? and Lin! ons? 
RUN 
v AP " MTS : 2 
gp he 
ARRONE ENN E ENV 
^ €M k - Aan p 9 2 
p ili E, tor HN Z 
= 13.6% 9= 122.4 eV 


1 
. . 9 a N 4 ` l 
L TAx em 


The ionisation energy of He® is 19,6 x 10°88 J atom! Calculate 
ge energy of the first stationary state of Li?" 


[I forLi* = E, for H x Z2 = E, lor Hx 9 
E, for He? = E, for H x Zi = E, for Hx 4 
"p 9 
E, for Li-* = E, for He? x : 


- 19.6 x 10-8 x 2 
4 


- 44.1 x 1075 ] atom! 


Calculate the shortest and the longest wavelength in H spectrum. 
of the Lyman series. R,, = 109678 cm. 
BB For Lyman series, n=l 


For shortest A of Lyman series, energy difference in 
two levels showing transition should be maximum, i.e., 
n. = x. 


Dc t.3 

a | 

/. "E >| 
^ &791L7x 108 cm=911.7 Å 


For longest 2 of Lyman series, energy difference in two 
levels showing transition should be minimum, i.e., n= 2 


l ] 
— = R aon 
i oF 


* A-1215.67 x 10 cm = 1215.67 Å 


-5]- 109678 x 2 
2 4 


The) of H, line of the Balmer series is 6500 A. What is the À 
fH, line of the Balmer series. 


‘Sol For H, line of the Balmer series, n = 2, n, = 3. 


For Hg line of the Balmer series, n, = 2, n, = 4. 


| . l l 1 
"e ARE A cocti 
hu |; 3^ 


a 
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| 
ond —— 
i 


(il) 


By equations (1) and (ii), we get 
E gd 


^h o4 9 i 
A, E T i 
4 16 
80 80 
A= A, x| — |= 6500 x —— = 


Calculate À of the radiations when an electron jumps from 
third to the second orbit for H atom. The electronic energy in 
second and third Bohr orbits of the atom are —5.42 x 19-12 and 
-2.41 x 107 erg, respectively. 


WSU 2, for H = -2.41 x 107? erg 


E, for H = —5.42 x 107? erg 
For a jump from third to second shell, 


AE = E-E, =% 
he 


EE, 
6.625 x 1077 x 3.0 x 10? 
-241x10 7 4542x109? 


»/ 


E, = -—3-, Where Z is the atomic number of species and 
n 
B=2.179 x 10713 J, 
a. What is the energy of the lowest level of a He® ion? 


b. What is the energy of the third level of Li2* ion ? 


22 x 2.179 x10 5 
Eee 
- 8.716 x 10-18 J 
3? x 2.179 x10 5 
3? 
= -2.179 x 10-8) 


a. E, for He® = 


b. E, for Li?* = 


Calculate the wavelength emitted during the transition of 
electron in between two levels of Li?* ion whose sum is 4 and 


difference is 2. 
“Spi Let the transition occur in between levels n, and n,. Thus, 
if n, > n,, then given 
n +n,=4 
n,-n,- 2 
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n,=landn, = 3 
l 

RZ E - 


| (5 Z=3 for Li) 


EJ 

32 

> [8 

= 109,678 x 3° x 4 


A=1.13 x 10% cm 


The angular momentum of an electron in a Bohr orbit of H 
atom is 4.2178 x 10 “4 kg m? s™!, Calculate the À of the spectral 
line emitted when the electron falls from this level to the next 

lower level. 
: nh 
“Sol. Given mur = — 
2n 

h 

SOT =4.2178 x 10°% 


42178x10 7 x 2x 3.14 
orn = ocn 
6.625x10 
A m n 
The transition spectral line for fourth to third shell is 


l = 109678 E - =| 
A 3 4 


à — 1.8 x 10% cm 


A certain laser transition emits 6.37 x 10!? quanta per second 
per square metre. Calculate the power out put in joule per square 
metre per second. Given A = 632.8 nm. 


Sol. Energy falling per square metre per second is 
Number of quanta falling per square metre per second 
* Energy of one quantum 


ll 


6.37 «10^ ge 
/- 


625»10 7 «3x10* 


6.37 x 105 x A 
632.8 x10 


22507 E se” 


A base ball of mass 200 g is moving with velocity of 3 x 10? 
cm s !. If we can locate the base ball with an error equal to the 
magnitude of the wavelength of the light used (5000 À), how 
will the uncertainty in momentum be compared with the total 
momentum of the base ball? 
IS Momentum of the base ball = mv 
p=200%3~10?=67 10 cmgs 
Ap Ax z h/4n 


h 
> —— (Ax = 5000 x 10% =5~ 105 
ar T ‘ ) 


6.626 x 10 7" 
~ 4x3.14x 5x10? 


b. 


Ap 6.626 x 10-7” 
p Ax3J4x5x10? x 6x10? 
= 1.758 x 10779 


The critical wavelength for producing — m | 
ect 


a metal is 2500 A. What wavelength would be neces in 
produce photoelectric effect from this metal, havin i 
KE of those produced at 2000 A. 


| ] 
IBOD KE x99 = #V2000 — Avo = he z 7 " 


2000 0 


E twice th 


new 


KE, = AV pou -mv he [= x 


new 0 


KE wy = 2 * KE 999 


1 4 
hel F^ 
2- — ew “Z; A = 1666.66 A 


bw oe. 
hc — ——- 
2000 2500 


JA photon of frequency v causes photoelectric emission foma 
surface with threshold frequency v,. The de Broglie wavelengi 
(à) of the photo- electron emitted is given by 


a. M ONLUS nae t 
2m). A 
2 
á i-i xs 
Vo V n 2m Av 


d. According to the photoelectric equation, 
E,— |E * KE 
or E; = Threshold energy or work function + KE 


hv = hvo + is 
2 


LÀ jn = h(v - vo) = h Av 


We know that 


Substituting this value in equation (i), we get 
?) 


l 1 
= IN—>—=- = h Av 


2 m^ 
wee = Av 
2mA^ 
_ h 
2m Av 


Hence the answer is (d) 


—_ 


» ation into one normal 
, fei atom and one oxygen atom 1.967 eV more energetic 


han normal. The dissociation of O, into two normal atoms of 
i x : a MR 
xygen requires 498 kJ mol. What is the maximum wavelength 
enia fi tochemical dissociati p i 
effective for pho ciation of O,? 
We know 


hv 
> O Normal + O cited 


pa ONomal + O Normal 
Energy required for simple dissociation of O 
498 x 10? 
6.023 x 10? 
If one atom in excited state has more energy, i.e., 1.967 eV 
= 1.967 x 1.602 x 107? J, the energy 
photochemical dissociation of O, is 
_ 498x10 
— 6023x102? 
= 82.68 x 10°79 + 31.51 x 10-20 
- 114.19 x 10720 J 
-. hc 
ey 
114.19 x 1079 = 


2 into two 


normal atoms — J mol! 


required for 


+ 1.967 x1.602 x 107? 


6.625 x10?^4 x 3x 1078 
À 
} = 1740.2 x 1071? m = 1740.2 A 


A stationary He* ion emits a photon corresponding to th 
frst line (H,) of the Lyman series. The photon thus emitted 
strikes a H atom in the ground state. Find the velocity of the 
photoelectron ejected out of the hydrogen atom. The value of 
Ris 1.097 = 107 m^ 


‘Sol. The difference in energy (AE) will be equal to the energy 
of the photon emitted. 


The first line in Lyman series corresponds to the transition 
241. 


AE —2.18 y eap[ J per atom 


= 6.54 » 10715 J 
A photon carrying this energy strikes a H atom in the ground 
state. Note that the ionisation energy of H atom is +2.18 x 
1077* J. This will be the work function of H atom. Using the 
Einstein’s photoelectric equation 


KE =E- W= nd 


d^ Z(E; -W) 
m, 
_ [2(6.54x10715 — 2.18«107'*) 
9.1x 10^?! 


= 3.09 x 106 m s7! 


[E, = Incident energy | 
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We can also calculate the wavelength of electron ejected 
indergoes photochemical dissoci out to be 2.36 x 10 9m = 2.46 A 


6.626510" 
e mV, 97x10? x 3.09 x10" m 
=236A 


When photons of energy 25 cV strike the surface of a 
metal A, the ejected photoelectrons have the maximum 
kinetic energy Ta eV and de Broglie wavelength X,. The 
maximum kinetic energy of photoelectrons liberated from 
another metal B by photons of energy 4.70 eV is Ta = 
(Ta — 1.50) eV. If the de Broglie wavelength of these 
photoelectrons is Ap = 2A, then 
I. (Wy), = 2.25 eV 
Ul. T, = 2.0 eV 
The correct option is 
a. I, II 


c. I, II, U1 


H.(W,),=4.2 eV 
IV. Tg =3.5eV 


b. II, IIT, IV 
d. I, IT, HT, IV 


c. I IL, II 
Explanation: 
"i eV "T eV 
— Ta, AA nM 
Wa We 


W, tT, =4.25 > W,=2.25 eV 

W, + Tg =4.7 > Wy =4.2 eV 
B^ 2^4 

= KE, = 4KE, 

=> T,=4(T,) 

=> T,= 2.0 eV 

la = 0.5 eV 

Hence, option (c). 


KR 
A p M t Lu | < 
INT I -—— Ta 


In hydrogen atom an orbit has a diameter of about 16.92 A. What 
is the maximum number of electrons that can be accommodated? 
a. 8 b. 32 c. 50 d. 72 


|. Sol. | b. Diameter of hydrogen atom = 16.92 A 
Q0»? 


1032 cade 
9 


Radius of an atom = 


We know: 


0.530" 
. E emm. / 
n r 
0.537” 
8.46 = = 
orn=4 


Therefore, the maximum number of electrons in the 
fourth orbit are = 2n? = 2 x (4)? = 32 


n 
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Hydrogen, when subjected to photo-dissociation, yields one 
normal atom and one atom possessing 1.97 eV more energy 
than normal atom. The bond dissociation energy of hydrogen 
molecule into normal atoms is 103 kcal mol~!. Compute the 
wavelength of effective photon for photo- dissociation of 
hydrogen molecule in the given case. 


ISO H, > H+H® 


where H is normal H atom and H® is excited H atom. So 
the energy required to dissociate H, in this manner will be 
greater than the usual bond energy of H, molecule. 
= dissociation energy of H, + extra energy of 
excited atom 
Energy required to dissociate in normal manner 
= 103 x 10? cal 


_ 103x10? x (4.18) 
6x10? 


E (absorbed) 


(given) 


= 7.716 x 107? J atom”! 
The extra energy possessed by the excited atom is 
1.97 eV = 1.97 x 1.6 x 10712] = 3.152 x 107}? 
Eimsa 7-17 X 10-19 + 3.152 x 10-9 
= 1.0868 x 10-18 J 
Now calculate the wavelength of photon corresponding to 


this energy. 
ae 6.63 x104 x 3x10? 
E 1.0868 x 10718 


= 1.830 x 107 m = 1830 Å 


m or sr E = d w^ 735 A 
ARR ANI Ar er d. 


Calculate the wavelength and wave- number of the spectral line 
when an electron of H atom falls from a higher energy state 
1 —3 to a state n = 2. Also determine the energy of a photon to 
jonise this atom by removing the electron from the second orbit. 
Compare it with the energy of photon required to ionise the atom 
by removing the electron from the ground state. 


-m 


Photon emitted 


First calculate the energy difference (AZ) between the orbits 
n — 3 and n = 2 using 


AE = 2.18x10"" Z^ Gard 


m n 


_ ET PO ae 
AE 3_, 2) = 218x10 (1) (2-3 J(Zzl) 


—3.03 x 1077? J 


emitted. Pho, 
Eia = i - hcv 

=> Z = 3.03 x 1071? 2 à = 6560.3 A 

and V = ~=1.52«10-¢m" 


Photon absorbed 


Photon absorbed / 


4 
^ 


To ionise the atom from 7 = 2, the transition will be 


n-2n^^o 


AE yg) = 218x107 x1? (2-4 
= 5.45 x 10? J 

To ionise the atom from the ground state (n = 1), i 

transition is 1 — oo. 


AE = 2.18x107!8 x1? (5-4) 


=218 x 10715 J 


A hydrogen atom in the ground state is hit by a photon exciting 
the electron to the third excited state. The electron then drops 
to the second orbit. What is the frequency of radiation emitted 
and absorbed in the process? 


J. | Energy is absorbed when the electron moves from i 
ground state (n = 1) to the third excited state (n = 4). 


First calculate the energy difference between n = | ad 
n - 4. 
Photon absorbed 
Photon emitted 
: - 1 
Use AE "um 2.18x10 18 x Z? (a3) 
n n 


HereZ- |, n 2 1,n,-4 
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20 2228x108 xi? ft), Using the relation 
won l ag = 218x107 z?( 1-1) 
=204 10] Qon ra" 
This is the energy of the photon absorbed. - 4.09 x 101? J [n 22.0, 2 4.Z- 1] 
- Ave 244 s 10775 1 to get = aox" 
Bus" as x 107 Hz ) 


=> À = 4863.1 À 
similarly. when electron jumps from x = 4 to r = 2. the 


S R WE The longest wavelength emitted when this electron 
energy IS emitted and is given by the same relation, (from n = 4) falls back to the ground state will correspond 


Putting", = 2 and 7, = + in the expression of AE, we get to the minimum energy transition. 
t > 


as p(l 1! The transition corresponding to the minimum energy will 
Ma an7 218x10 didis ro ar be 4 > 3. 

E The transition corresponding to the maximum energy 

=4.08 x 10°] p E 


will be 4 — 1. 
This is the energy of the photon emitted. 


he 
z  =hv=4.08x 10°] AE = Ebron 7. = FV 
+ photon 


-v-6l6 x 10'* Hz 


=> AE x or AE x V hoton 
“Photon 
a Using the same relation 
Ap electron in the frst excited state of H atom absorbs a photon rs D^ 
adis further excited. The de Broglie wavelength of the electron AEG 37 218x10 Z- " Mi 
ig this state is found to be 13.4 A. Find the wavelength of the Acc 
ghoton absorbed by the electron in angstrom. Also find the . pymes 
jongest and the shortest wavelength emitted when this electron = AE zd)" 1.06 x 10177 
&-excites back to the ground state. » 
" AE — Ephoton =% 196x107 3 
Sa A 
] E: l => À = 18752.8 À 
Nete: The energy Ren = | is known as the ground state. Shortest wavelength : 4 — 1 
The energy state n = 2 is known as the first excited state. \ 
—9 —18 = 1 l | 
The energy state n = 3 is known as the second excited state AE, _, = 2.1810 l (E` > | 
aad so on. : 
=2.04x 108] 

The electron from n = 2 absorbs a photon and is further his 

excited to a higher energy level (say n). > AE 7 Ephoton = FS 

The electron in this energy level (n) has a de Broglie 229732 À 


wavelength (7.) = 13.4 A. 


í "m i A single electron orbits around a stationary nucleus of charge 
di ni 1 EJ 1 i +Ze, where Z is a constant and e is the magnitude of electronic 
\ 74-23 / “Photon charge. It requires 47.2 eV to excite the electron from the second 
OIN Bohr orbit to the third Bohr orbit. 
+; = h a. Find the value of Z. 
my, b. Find the energy required to excite the electron from 
T "d s n=3ton=4. 
*,7 18x10 P un c. Find the wavelength of radiation to remove the electron 
[v, is the velocity of the electron in nth orbit] from the second Bohr orbit to infinity. 
ee, acl d. Find the kinetic energy, potential energy, and angular 
Cx rer 2.18x10 (+) momentum of the electron in the first orbit. 
6626x 10^ | i e. Find the ionisation energy of above electron system in 
d (XH rcu -2.18x10 x = electronvolt. 
N nd )x(9.1x10 ^) Sol. Since the nucleus has a charge +Ze, the atomic number 
Now find " | " E of the ion is Z. 
excitation Romac ength pe photon TeSponsiDIe ror me a. The transition is n, = 2 > n, = 3 by absorbing a photon 
n=2ton=4. 


of energy 47.2 eV. 
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ON 


=> AE = 47.2 eV 
Using the relation: 


AE = 13.627 Pa sev 


n n, 


— 472 = 13.62? (5-3) —Z-5 


b. The required transition is 7, = 3 > m = 4 by absorbing 
a photon of energy AF. 
Find AE by using the relation. 


2 l 


< 


n nj 
— AE = 13.6 (5 E = +] 
3 4 
=> AE = 16.53 eV 
c. The required transition is 7, = 2 + n, = oo by absorbing 
a photon of energy AE. 
Find AE by using the relation. 


AE = 13.6 (5)? E n =) 
2 ^ o 


- 


=> AE -—85eV 
Find A of radiation corresponding to energy 85 eV. 
, = hc | 6.63 x10" x 3x10" 
E 85(1.6 x107") 
= 146.25 x 1071? = 14625 Å 
d. If energy of electron be E,, then KE — —E, and 
PE-2E. 
-HX62^. -13455x5* 
iss CERE DERE" ae 
n 1 
KE = (-340 ev) = 340 ev 


PE = 2(-340 eV) = —680 eV 


= — 340 eV 


] l 
e. Ionization energy = AE = 13.6(5)* E - 5) 
^. AE = 85 eV 


Find the energy released (in joules) when a doubly ionised 
helium ion (He” ) takes up two electrons to form a helium atom 
in the ground state. The first ionisation energy of a helium atom 


is 3.4 x 10°75, 
END H- i: — (He) ——> He 
^ 
Ihe 
— JE? 
IE = ionisation energy of He 
IE, - 3.4 x 10 did 
IE, = IE of He* ion = 2.17 ^ 10 !^ x (4) = 8.68 x 10 I8 J 
Total energy released 
IE, + IE, = (3.4 x 10 I» 4 8,68 7 10 !*) J 
= 90.2 x 107? = 9.02 « 10 18 J 


E 


One mole of He? ions is excited. An analysis showed th | 
of ions are in the third energy level, 25% are in the sevo: 3», 
level, and the remaining are in the first energy leve] c dus 
the energy emitted in kilojoules when all the ions - d cula 
ground state. Tn to the 


E 
IB 50% inn- 3 > 
—32——952 

25% inn=2 $22 


E i I ol 
AE = 2.176 x 10718 Z2 [5-5 | per atom 


Energy released when electron falls to n= | is 


= {30% m 10? «a -i) 
+25% 2.176 1078 x 2E 2 


zs S XS SS E có nue j 
The kinetic energy of an electron in H like atom is 6.04 eV. Find 
the area of the third Bohr orbit to which this electron belongs. 


Also report the atom. 


|" KE = 6.04 in third orbit 
E pa he + PES KE-2 5 KE 
=> — KE = -6.04 eV 
E, for H — —13.6 eV and not for any orbit E = —6.04 eV ir 
H atom. Thus, atom for which KE is given is other than Ë 
E, of H-like atom = Ey x Z 


Ay 7? = 604-126, 7? 
n 3 


22-39944—2-2 
Hence, the atom is He®. So 


2 12 


=r = 0.529 x 1-2 0.529 x — = 2.3805 À 
n Z 2 


Area, nj? = T x (2.3805 x 103? 


=17.8 10° cm? 


: x . : in the 
Determine the frequency of revolution of an electron » 


second Bohr orbit in hydrogen atom. 
\ 
HSS The frequency of revolution ofanelectron | > 
VA 


is given by 


l 
Frequency = —————— "Ze 
l'ime period / 
" . tion 
- ; Total distance covered in one revolut? 
lime period = —— f 
Velocity 


2nr 
. D 
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a o 
à Frequency "nr Give the names of seven f-orbitals and how they are represented. 
| Sol. | A complete set of seven f-orbitals is shown in the table and 
the figure given here. 
As with d-orbitals, there is no unique way of representing them, 
nor is there even a way which is optimum for all problems. 
The figure presents two sets, a ‘General set’ anda ‘cubic set’. 
The latter is advantageous in considering the properties of 
We get, the orbitals in cubic (i.e. octahedral and tetrahedral fields). 


Iculate the velocity (v,) and radius (r,) of the electron in 
"i second Bohr orbit in H atom 


7-1 for H atom 


2 
n 


2 L 
= 0.529% 107° c m =1.12 x 10-0 m Table: Names and shapes of f-orbitals 
2 


1. xz? 


5. 2 or x! ory. 
2. x(* = 39) i. X? same as z? except lies 
3. y(3y? - x?) 


along the x-axis. 
Same as x(x? — 3y?) ex- ii. y? same as z? except lies 
cept lies along the y-axis. 


along the y-axis 
4. 2(x? — y?) or xyz 6. xyz 
Same as the correspond- |7. z (2 - y?) 
. ing orbitals in the cubic o 


NALE 106 (1/n) m s^! 


7 22.18 x 106 (1/2) = 1.09 x 106m s! 

l v 1.09 x 10° 

. cy = — = — 
-. Frequency 2n  2(n)(2.12x 10°!) 


v2 8.18 x 101^ Hz 


Note: Frequency of revolution (f) = ; 


r 
set yz-x» 
2 _ 
2nr m n Z An) o 
oE € — "roc — and v « — Same as xyz but rotated 45 
Vio Z n about the x, y, z axes 
The general set 
Perspective drawing TOBE SECHON plal Perspective drawing Cross-section plot 


(vy) z3 MN uU 


Jcsecon fas b = ONS 
se pia emo (A section has been 
‘collars’ for clarity) l cut out of the two Contour plot 


< 


‘collars’ for clarity) z axis 
4 


x? Same as z? except lies along the x axis 
y? Same as z? except lies along the y axis 


(b) 


. 2 2, | Same as the xyz but rotated 45° 
(vii) (z^ - x^) 
; about the x, y and z axes. 
. z(x? _ 2 x(z =y ) 
(iv) y) S a ae 
xz ame as the corresponding orbitals in the cubic set. (a) 


(iti) (3,2 ~ X?) Same as x(x? — 3y?) except lies along the y axis. 


Figure: The f-orbitals: (a) Plots of the angular part of the wave functions of the f orbital; (b) contours of a 4 f orbital. Dots indicate maxima in 
)- electron density. The lines are drawn for densities which are 10% of maximum. 
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Single Correct Answer Type I 


1. Atomic mass of an element is not necessarily a whole 
number because 
(1)It contains electrons, protons, and neutrons 
(2) It exists in allotropic forms 
(3) It contains isotopes 
(4) Atoms are no longer indivisible 
2. Which of the following properties of an element is a whole 


number? 
(1) Atomic mass (2) Atomic volume 
(3) Atomic radius (4) Mass number 
3. Which of the following sets of quantum number is 
allowable: 


(1) n=2./=1,m=0,s=+1/2 
(2) 522.122. m=-1, s =-1/2 
(3) n=2,/=-2,m=1,s=+1/2 
(4) n=2./=1,m=0,5=0 
4. Which shape is associated with the orbital designated by 
n-2;l-1? 


(1) Spherical (2) Tetrahedral 
(3) Dumb-bell (4) Pyramidal 
5. An isotone of Te 
-€—Á  ÀÀ i ASU 
pi. Se iv..,56^ 
(1) Only (1) and (11) (2) Only (11) and (iii) 
(3) Only (11) and (1v) (4) Gi), (111), and (iv) 
6. The transition of electrons in H atom that will emit maximum 
energy is 
(1)n,— n, (2)n,n, 
(3) n: > n, (4) nj n; 
7. The limiting line in Balmer series will have a frequency of 
(1)32.29 7105 g! (2) 3.65 x ]0)^ s7! 
(3) -8.22 7 101^ s? (4) 8.22 x10!4 s! 


8. The fundamental particles which are responsible for keeping 
nucleons together is: 


(1) Meson (2) Antiproton 
(3) Positron (4) Electron 
9, Which of the following is not a characteristic of Planck's 
quantum theory of radiation" 
(1) Radiations are associated with energy 
(2) Magnitude of energy associated with a quantum is equal 
to hv. 


(3) Radiation energy is neither emitted nor absorbed 
continuously. 


(4) A body can emit less or more than a ‘quantum of energy. 


16. For which of the following electron distribution 


10. Which out of the following configurations is incorre, m 
(1) 1s? 2s 2p? 2p,? 2p," 
(2) 1s? 2s? 2p,!' 2p,' 
(3) 1s? 252 2p,! 2p,! 2p, 
(4) 15? 2s? 2p® 392 3p* 3 4s! 
11. Which of the following set of quantum numbers i. 
impossible arrangement? 
()n23,m-7-2,5- *1/2 
(2)n=4, m=3,5=+1/2 
(3)n=5,m=2,5=-1/2 
(4)n=3,m=-3,s=-1/2 
12. Which of the following statements about quantum Number 
is wrong: 
(1) If the value of /= 0, the electron distribution is spheric 


(2) The shape of the orbital is given by subsidiary quantum 
" number. 


(3) The Zeeman's effect is explained by magnetic quantum 
number. 


(4) The spin quantum number gives the orientations of 
electron cloud. 


13. Bohr's model of atom is not in agreement with 
(1) Line spectra hydrogen atom 
(2) Pauli's principle 
(3) Planck's theory 
(4) Heisenberg's principle 


14. If the energy of electron in H atom is given by expressio! 


-1312/n? kJ mol, then the energy required to excite & 
electron from ground state to second orbit is 


(1)328kJ (2)656kJ (3)984KJ  (DI3I2U 


15. Which experimental observation given in the first colum 


correctly accounts for the phenomenon given in the seco 


column? 
Experimental Phenomenon 
observation 

(1) X-ray spectra p. Charge on nucleus 


(2) a-particle scattering q. Quantised electron orbit 
(3) Photo electric effect r, The nuclear atom 


(4) Emission spectra s. Quantisation of energy 
s in grou" 


state, the Pauli's exclusion principle is violated? 


T fp 2s 2p 
vfi] o AETI 
o [TL] t] c Daan 


17. Which of the following orbital does not make sense? 


(3d DY Qp OB 


4h 


——— 


following sets of quantum numbers is not 


yah et the 
\ sit jalm= 0,.s=+1/2 

P i ire m-2-3.s2-M2 

V aede c m7 $--12 

Q 24 E 1m 70, 57-1 2 

e ple sub-shells in 7 = 3 energy shell are: 
yp T E j DSP df (sp (4) s only 

W S hrödinger"s wave equation y represents 
jt. » - ‘i i (2) Wave function 

E ue (4) Radial probability 

( 


-enberg s uncertainty principle rules out the exact 
; imultaneous measurement of: 
u Probability and intensity 
(2) Energy and velocity 
(3) Charge density and radius 
(4) Position and velocity 
y The two electrons have the following sets of quantum 
x: 5.2.2. 41/2 
y: 3.0, 0, 2172 
What is true of the following 
(1) X and Y have same energy. 
(2) X and Y have unequal energy. 
3) X and Y represent same electron. 
(4) None of the statement is correct. 
5i. When electronic transition occurs from higher energy 
state to lower energy state with energy difference equal 
to AE electron volts, the wavelength of the line emitted is 
approximately equal to 


9205 2 
(1) 2999 107m (2) 12395 (10m 
AE 
123 5 
3) 12399 107! e (4) 12395 |. i0" cm 
AE AE 
^4. Which of the following statements concerning Bohr’s model 
is false? 
(1)It predicts that probability of electron near nucleus is 
more. 


(2)The angular momentum of electron in H atom = 
nh/2z. 


(3)It introduces the idea of stationary states. 
(4)It explains the line spectrum of hydrogen. 
25. Which of the following gave the idea of nucleus of the atom? 
(1) Oil drop experiment 
(2) Davisson and Germer’s experiment 
(3) a-ray scattering experiment 
, s Austen’s mass spectrogram experiment 
i i and ball of 0.5 kg is moving with a velocity of 
s! The wavelength associated with its motion is 
(1) 1/100 cm (2) 66 x 10?^ m 
(3) 1.32 x 1035 m (4) 6.6 x 10-8 m 


Atomic Structure 
27. In hydrogen spectrum, the series of lines appearing 1n ultra 
violet region of electromagnetic spectrum are called 
(1) Balmer lines (2) Lyman lines 
(3) Pfund lines (4) Brackett lines 
28. The transition in He® ion that would have the same 
wavelength as the first Lyman line in hydrogen spectrum 1S 
(0221! (25223 (3342 (4)64 
29. The work function of a metal is 4.2 eV. If radiations of 2000 
À fall on the metal, then the kinetic energy of the fastest 
photoelectron is: 
(1) 1.6 x 10°94 (2) 16 x 10"? J 
(3) 32 x 107? J (4) 64 x10? J , 
30. A certain metal when irradiated to light (v = 3.2 * 10' 
Hz) emits photoelectrons with twice kinetic energy as did 
photoelectrons when the same metal is irradiated by light 
(v = 2.0 x 10!6 Hz) The v, (threshold frequency) of metal 
is 
(1) 1.2 x 10!4 Hz (2) 8 x 10^ Hz 
(3) 1.2 x 10!6 Hz (4) 4 x 10'2 Hz 
31. The number of spherical nodes in 4s orbital is 


(1) 4 (2) œ (3) 2 (4) 3 
32. Which of the following orbitals does not have the angular 
node? 


(1) p,-orbital (2) d 2-orbital 
(3) p, orbital (4) 1 s-orbital 
33. The ratio of the radii of the three Bohr orbits is 
(1) 1:1/2:1/3 (2) 1:2:3 
(3) 1:4:9 (4) 1:8:27 


34. How many electrons in an atom with atomic number 105 
can have (n + I) = 8? 
(1) 30 (2) 17 
(3) 15 (4) Unpredictable 
35. Ifthe threshold wavelength (A) for ejection of electron from 
metal is 330 nm, then work function for the photoelectric 
emission is 
(1) 1.2 x 107153 (2) 1.2 x 10° J 
(3)6x 107? J 46x10" I 
36. The heaviest subatomic particle is 
(1) Neutron (2) Positron 
(3) Electron (4) Proton 
37. The line spectrum of two elements is not identical because 
(1) They do not have same number of neutrons 
(2) They have dissimilar mass number 
(3) They have different energy level schemes 
(4) They have different number of valence electrons 
38. Bohr's atomic model can explain the spectrum of 
(1) Hydrogen atoms only 
(2) Atoms or ions which are unielectron 
(3) Atoms or ions which have only two electrons 
(4) Hydrogen molecule 
39. The electronic configuration of a diapositive ion M? is 2, 8, 14 
and its mass number is 56. The number of neutrons present is 
(1) 32 (2) 42 (3) 30 (4) 34 
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50. For the energy levels in an atom, which one Of the f, i | 
9 Ow, | 
| 


40. The kinetic energy of the photoelectrons does not depend 
upon 
(1) Intensity of incident radiation 
(2) Frequency of incident radiation 
(3) Wavelength of incident radiation 
(4) Wave number of incident radiation. 
41. The experimental evidence for dual nature of matter comes 
from 
(1) Planck's experiment 
(2) de Broglie's experiment 
(3) Davison and Germer's experiment 
(4) Rutherford’s experiment 
42. In excited H atom, when electron drops from 7 — 4, 5, 6 to 
n = 1, there is emission of 
(1) UV light (2) Visible light 
(3) IR light (4) Radio waves 
43. When two electrons are placed in two degenerate orbitals 
of the atom. the energy is lower if their spin is parallel. The 
statement is based upon 
(1) Pauli's exclusion (2) Bohr's rule 
(3) Hund's rules (4) Aufbau principle 
44. The wave mechanical model of an atom is based upon which 
of the following equations? 
(1) Schródinger's equation 
(2) de Broglie's equation 
(3) Heisenberg's uncertainty principle 
(4) All the above 
45. Anorbital with / — 0 1s 
(1) Symmetrical about X-axis only 
(2) Symmetrical about Y-axis only 
(3) Spherically symmetrical 
(4) Unsymmetrical 
46. For a given principal level n = 4, the energy of its subshells 
is of the order 
(l)s<d<f<p Q)s<p<d<f 
(3)d<f<p<s (4)s<p<f<d 
47. Sodium chloride imparts a yellow colour to the Bunsen 
flame. This can be interpreted due to the 
(1) Low ionisation energy of sodium. 
(2) Sublimation of metallic sodium to give yellow vapour. 
(3) Emission of excess energy absorbed as a radiation in the 
visible region 
(4) Photosensitivity of sodium 
48. How many unpaired electrons are there in Ni”? 
(1)0 (2)2 (3)4 (4) 8 
49. The exact path of electron 2p orbital cannot be determined. 
the above statement is based upon 
(1) Hund's rule 
(2) Bohr's rule 
(3) Uncertainty principle 
(4) Aufbau principle 


Un 
— 


52. 


53. 


54. 


55. 


56. 


57. 


S8. 


59, 


60. 


61. 


statement is correct? Y 
(1) There are seven principal electron energy leye] 
. . 8, 
(2) The second principal energy level has four Sub 
levels and contain a maximum of eight el ectros, È 
(3) The principal energy level N can have a " 
32 electrons. n 
(4) The 4s sub-energy level has high energy th 
subenergy level. 


Um af 


an 3, 


. Any p orbital can accommodate up to 


(1) Four electrons 

(2) Two electrons with parallel spin 

(3) Six electrons 

(4) Two electrons with opposite spin 

The magnetic quantum number of an atom is related t; the 
(1)Size of the orbital 

(2)Spin angular momentum 

(3)Orbital angular momentum 

(4)Orientation of the orbital in space 

Rutherford’s scattering experiment is related to the size ;; 
the 


(1) Nucleus (2) Atom (3) Electron (4) Neutron 
The number of spherical nodes in 3p orbital are: 
(1) One (2) Three (3) None (4) Two 


The ratio of energy of photon of A =2000 A to that ci 
à = 4000 A is 

(1) 2 (2) 1/4 (3) 4 (4) 1/2 

If r is radius of first orbit, the radius of nth orbit of the E 
atom will be 

(1) rn? (2) rn . (3) r/n (4) rir? 

The energy of hydrogen atom in its ground state is 
—13.6 eV. The energy of the level corresponding t0 the 
quantum number n = 5 is 

(1) -0.54 eV (2) -5.40 eV (3) -0.85 eV (4) —2.72 eV 
At 200°C, hydrogen molecules have velocity 2.4 * 10 
s^! The de Broglie wavelength in this case 1s approximate? 
(1) 1 Å (2)1000A (3)100À (9 10 À 
Which combinations of quantum number n, }, m, 3. for 
electron in an atom does not provide a permissible soluti? 
of the wave equation? 

(1) 3, 2, 22, 1/2 (2) 3, 3, 1,-1/2 

(3) 3,2. 1, 12 (4)3, 1, 1, -12 
The wave number of the first line of Balmer 
hydrogen is 15200 cm™!. The wave number 0 
Balmer line of Li?' ion is 

(1) 15200 cm ! 2) 60800 cm"! 

(3) 76000 cm ! (4) 136800 cm"! 


The radius of second Bohr's orbit is 


series ©! 
f the fi 


(1) 0.053 nm 
(4) 0.053 x 20 nm 


BE» 


(3) 0.053 x 4 nm 


| , Thes 
| (1) 111,212 
| 8) l 0.0, - 1/2 (4) 2,0,0, 41/2 
| The number of spectral lines obtained in Bohr spectrum of 
» drogen atom when an electron is excited from ground 
1 . . 
jevel to 5th orbit 1s 
(1) 10 (2)5 (3) 8 (4) 15 
uestion (Q. 63), the number of spectral lines 


jn the above d 5 
' d in Bohr spectrum of hydrogen atom when an 


(2) 1,0,0, +1/2 


obtaine i ve 
electron is excited from 2nd orbit to 5th orbit, is 
(03 2)6 (3) 10 (4) 5 


gs. Among the following transitions in hydrogen and hydrogen- 
` [ike ion spectrum. which one emits light of longest 

wavelength? 

2ton=1 for H (2) n 2 4to n - 3 for Li?” 

av (4)n=5ton=2 for H 

66. A photon of frequency n causes photoelectric emission 
from a surface with threshold frequency nọ. The de Broglie 
wavelength A of the photoelectron emitted is given as 


(Dn 
-4ton- 3 for He? 


h 
2) An- — 
Gane 


| h 
4)Az 
» 2m An 


67. The important principles that do not help in assigning 
electronic configuration to atoms are 
(1) Aufbau rule 
(2) Hund's rule 
(3) Heisenberg uncertainty principle 
(4) Pauli's exclusion principle 

68. The total spin and magnetic moment for the atom with 
atomic number 7 are: 


(1) +3, 3 BM 


(2) +1, V8 BM 


3 
(3) +5 V5 BM (4) 0, /8 BM 


69. The total spin and magnetic moment for the atom with 
atomic number 24 are: 


(1) +3, /48 BM (2) +3, 435 BM 


3 
(3) +=, V48 BM (4) + 5,35 BM 


70. A neutral atom of an element has 2K, 8L, 9M, and 2N 
electrons. The atomic number of element is: 
nae (2) 21 (3) 22 (4) 23 
ems 71-75, follow Q. 70 
71. The total number of s electrons are 


z (2)6 (3)4 (4) 10 
. otal number of p-electrons are 
" n. (2) 12 (3) 18 (4) 24 
al number of d-electrons are 
(1) 1 (2) 2 (3) 3 (4) 4 


>. 
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| tof quantum numbers not applicable to an electron 74. The total number of unpaired electrons are 
| (1) 1 (2) 2 (3) 3 (4) 4 


75, The valency of element is 
(1) +2 (2) +3 
(3) Both +2 and +3 (4) +1 
76. Anoxide of N has vapour density 46. Find the total number 
of electrons in its 92 g. (N= Avogadro’s number) 
(1) 46N, (2) 38N, (3) 54AN, (4) 30N, 
77. The angular momentum of an electron in As orbital, 3p 
orbital, and 4th orbit are 


h 
1) 0, ==. — o ar hg 
(1) [n " 44 2 a 
J2h 4h J2h 4h 
3) p e, y 
T 7t Tt 


78. The decreasing order of energy for the electrons represented 
by the following sets of quantum numbers is 
1. n=4,1=0,m=0,5=+1/2 
2. n=3,l=1,m= 1, s =—1/2 
3. n=3,1=2,m=0,5=+1/2 
4. n=3,1=0,m=0,s=-I/2 
(0152-34 (225159394 
(2)3>1>2>4 (4)4>3>2>1 

79. Be’ captures a K electron into its nucleus. What is the mass 
number and atomic number of the nuclide formed? 
(1.3, 7 (2) 4, 8 (3) 3,8 (4) 4,7 

80. What transition in the hydrogen spectrum would have the 
same wavelength as the Balmer transition n = 4 to n = 2 of 
He? spectrum? 
(1)n, =lton,=2 (2)n,=2ton,=4 
(3)n, =1 ton, =3 (4) n, =2 ton, =3 

$1. The wavelength of H, line of Balmer series is X A. What 
is the X of Hg line of Balmer series. 


108 80 
TP qaad 2 Ax 
80 (9 ^ Tos 
1 80 1 108 
3 LA eee 
() Y 108 i-re 


82. The shortest and longest wave number in H® spectrum of 
Lyman series is (R = Rydberg constant) 


3 | 4 

4 R 3 
(3) R, SR 4) RR 

'3 ( "a 


83. The radius of the second Bohr orbit for Liz!* is 


(1) 0.529 x5 A (2) 0529x=A 


4 
(3) 0,529 x n À (4) 0.529 x E À 


84. The radius of the first Bohr orbit for He? is 
(1) 0.529 A (2) 0264 À (3)0.132 A (4)0.176 À 


85. Inanoil drop experiment, the following charges (in arbitrary 
units) were found on a series of oil droplets 


y 
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2.30 x 10-5, 6.90 x 107!5, 1.38 x 10-14 
5.75 x 10-55, 3.45 x 1075, 1.96 x 107^ 
The magnitude of charge on the electron (in the same 
unit) is 
(1) 1.15 x 107 (2) 2.30 x 10^ 
(3) 0.575 x 1075 (4) 1.96 x 107^ 
86. In what ratio should ,,CI?? and ,,CI? be present so as to 
obtain ,,CI??? 
(b1T2 (2) 1:1 (3) 1:3 (4) 3:1 
87. Which of the following relates to photon both as wave 
motion and as a stream of particles? 
(1) Interference (2) E= mc? 
(3) Diffraction (4) E=hv 
88. Which of the following sets of quantum numbers is not 


correctly represented in case ofthe indicated spectral series 
of hydrogen atom? 


(1) Lyman senes n=l; n,—2,3,4,... 
(2) Balmer series n, = 2: n, = 3,4, Ds axe 
(3)Paschen series n,7 2; . n,— 3, 4, 5, ... 
(4)Brackett series n, 7 4; n, — 5,6, 7, .. 


89. If Aufbau rule is not followed in filling of suborbitals, then 
block of the element will change in 
(1)K(19 ()Sce(21) (3VQ3) (4) Ni (28) 

90. If Hund's rule is not followed, magnetic moment of Fe?*, 
Mn®, and Cr all having 24 electrons will be in order 
(1) Fe? < Mn? < Cr (2) Fe?* = Cr < Mn? 
(3) Fe?* = Mn? < Cr (4) Mn?” = Cr < Fe?* 

91. If wavelength is equal to the distance travelled by the 
electron in one second, then 


(1) Xo hlp |) X-hlm. (3) X- hip (4) X - M him 
92. The ratio of kinetic energy and potential energy of an 
electron in a Bohr orbit of a hydrogen-like species is 
(1) 1/2 (2) -1/2 (3) 1 (4) -1 
93. The ratio of kinetic energy and total energy of an electron 
in a Bohr orbit of a hydrogen -like species is 
(1) 1/2 (2) -1/2 (3) 1 (4) -1 
94. The ratio of potential energy and total energy of an electron 
in a Bohr orbit of a hydrogen-like species is 
(1)2 2)-2 (3) 1 (4) -1 
95. Which ofthe following arrangements of electrons is mostly 
likely to be stable? 


o [Tf] TTA] 
o» PTT ATT [8] 
o TIT THIS 
e PTT 


96. If velocity of an electron in Ist orbit of H atom is V, what 
will be the velocity in 3rd orbit of Li2+? 


97. 


98. 


99, 


100. 


101. 


102. 


103. 


104. 


105. 


106. 


V 
(1) V > © Mə 


The energy of an electron in the first Bohr orbit forh , 
is -13.6 eV. Which one of the following is a possibi "Ope, 


. . € exe; 
state for electron in Bohr orbit of hydrogen atom Clte 


(1)-3.4eV (2)-68eV (3)-L7eV (4) 136 eV 
The spectral line obtained when an electron jumps fry 
n=6 ton = 2 level in hydrogen atom belongs to the m 
(1) Balmer series (2) Lyman series 

(3) Paschen series (4) Pfund series 

Which of the following species will produce the shorts, 
wavelength for the transition n = 2 to n= 1? 
(1) Hydrogen atom 

(2) Singly ionised helium 

(3) Deuterium atom 

(4) Doubly ionised lithium 

The ionisation potential of hydrogen atom is 13.6 eV. The 
energy required to remove an electron in the n = 2 state jy 
the hydrogen atom is 

(1) 3.4 eV (2) 6.8 eV 

(3) 13.6 eV (4) 27.2 eV 

If the wavelength of the first line of the Balmer series of 
hydrogen atom is 656.1 nm, the wavelength of the second 
line of this series would be 

(1) 218.7 nm (2) 328.0 nm 

(3) 486.0 nm (4) 640.0 nm 

The energy of an electron in the first Bohr orbit of H atom 
—13.6 eV. The possible energy value(s) of the excited state 
(s) for electrons in Bohr orbits of hydrogen is (are) 
(1)-3.4eV (2)-4.2eV (3)-6.8eV (4)+6.8eV 
Ground state electronic configuration of nitrogen atom cat 


be represented by 
omm o [FQ 
(4) 


ORNINI 


The electronic configuration of an element is l5". 2s*, 2p". 

3s, 3p6, 3a, 4s!. This represents its 

(1) Excited state (2) Ground state 

(3) Cationic form (4) Anionic form 

The wavelength associated with a golf ball weighing 20 

and moving at a speed of 5 m h^! is of the order 

(109m (2)10??m (3310m (4) 1077 m 

Rutherford's experiment, which established the nuclei 

model of the atom, used a beam of 

(1) B-particles, which impinged on a metal foil and 
absorbed. 

(2) y-rays, which impinged on a metal foil and ejected 
electrons. 

(3) Helium atom, which impinged on a metal foil and 8? 
scattered, t 

(4) Helium nuclei, which impinged on a metal foil and 6° 
scattered. 


gol 


y 


ongst the following elements (whose electronic 


407. ^P! . iven below). the one havi : 
I ynfigurations are given below), the one having the highest 
cc 


ionization energy is 
(D INC? 3p (2) [Ne]3s2 3? 
(3) [Ne]3s* 3p" (4) [Ar]3d!° 442 4p? 


The correct ground state electronic configuration of 


e chromium atom is 
(D [Ar]? 4s' (2) [Ar]3d* 45? 
Q) [Ar]3a® 4s° (4) [Ar]4d 54s! 


The correct set of quantum numbers for the unpaired electron 


109 . e 
of chlorine atom Is 
n l m n l m 
31 1 (4) 3 0 0 
10. The orbital diagram in which the Aufbau principle is violated 
is 
"— 
dì) N | N T 
(2) [^| NITI? 
(3) | T4 T T T 
(4) ^ NIN 1| 


)j ——11—-3— — 1 1 
jill. The first ionisation potential in electron volts of nitrogen 
and oxygen atoms are, respectively, given by 
1) 14.6. 13.6 (2) 13.6, 14.6 
3) 13.6. 13.6 (4) 14.6, 14.6 
112. Atomic radii of fluorine and neon in Angstrom units are 
respecuvely given by 
1)0.72. 1. 60 (2) 1.60, 1.60 
310.72, 0. 72 (4)Noneofthese 
113. The ratio of the energy of a photon of 2000 À wavelength 
radiation to that of 4000 Á radiation is 
1/4 (2)4 (3) 1/2 (4) 2 
114. The sum of the number of neutrons and proton in the isotope 
of hydrogen is 
1) 6 (2) 5 (3) 4 (4) 3 


115, The radius of an atomic nucleus is of the order of 
(110 19 om (2) 10°)? cm 
(3) 107^ cm (4) 10 * cm 


116. Which of the following is true? 

(1) The outer electronic configuration of the ground state 
chromium atom is 3d^ 4s”, 

(2) Gamma rays are electromagnetic radiations of wave- 
lengths of 10 ^ cm to 10 * cm 

(3) The energy of the electron in the 3d orbital 15 less than 
that in the 4s orbital of a hydrogen atom 

(4) The electron density in the xy-plane in 3d 7.» orbital 
IS Zero. 


117. Which of the following is true? 


(1) Diapositive zinc exhibits paramagnetism due to loss of 


two electrons from a 3d orbital of neutral atom. 


CN 


118. 


119. 


120. 


121. 
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(2) In f-emission from a nucleus, the atomic number of the 
daughter element decreases by 1. 


(3) The emission of onc a-particle from a radioactive atom 
results in the decrease of atomic number by 2 and mass 
number by 4. 


(4) The successive emission of two p-particles from a 
radioactive atom results in the decrease of atomic 
number by 1. 


Which of the following is true? 
(1) Neutrino is a positively charged electron. 


(2) The magnetic moment of an atom is related to the number 
of unpaired electrons in its electronic configuration. 


(3) Bohr theory can be successfully modified to explain the 
electronic spectrum of multielectron atom. 


(4) The angular momentum of an electron in an atom is 


ei 
given as n| — |. 
T. 


Which of the following is false? 


(1) The angular momentum ofan electron due to its spinning 


is given as Js (s +1) (+) , where s can take a value 
T 
of 1/2. 


(2) The angular momentum of an electron due to its spinning 


T h 

IS given as m. e , Where m. can take the value 
n 

of +1/2. 


(3) The azimuthal quantum number cannot have negative 
values. ` 


(4) The potential energy of an electron in an orbit is twice 
in magnitude as compared to its kinetic energy. 

Which of the following is true? 

(1) According to Pauli's exclusion principle, no two 
electrons in an atom can have the same values of 
quantum numbers n, /, and m. 

(2) The total energy of an electron in an orbit is half of its 
potential energy. 

(3) The speed ofan electron in a orbit increases with increase 
of its quantum number 7. 

(4) The energy of an electron in à orbit decreases with 
increase of its quantum number 7. 

Which of the following ts true"? 

(1) The ionisation energy ot a hydrogeu-like spevies in its 
ground state is equal to the magnitude of energy of the 
orbit having a 1 

(2) The ionisation energy of a hydrogen-like spectes in 
its ground state Increases in proportion to the positive 
Charge in its nucleus 


h 
(3) According to the uncertainty principle, Ap Ax < —. 
4n 
(4) The energy of an electron in an orbital of a multielectron 
atom depends only on the principal quantum number 72. 
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122. Which of the following is false? 
(1) The energy of an electron in an orbital of a hydrogen-like 
species depends only on the principal quantum number n. 
(2) The angular momentum of an electron in an orbital of 
a multielectron atom depends on the quantum numbers 
/ and m. 


(3) The expression of angular momentum of an electron in 


h 
an orbital is given as J7 (/ — 1) (+), 


(4) The z-component of angular momentum of an electron 
"TEC h 
in an orbital is given as 777 rah 
n 


123. Which of the following is false? 
(1) The number of orbitals for a given value of / is equal to 
2l * 1. 
(2) The number of orbitals for a given value of r is equal to 
m. 


(3) An atom having unpaired electrons is diamagnetic in 
nature. 


(4) AII s orbitals are spherical symmetrical in shape. 
124. Which of the following is true? 


(1) The half-filled and fully-filled electronic configurations 
are less stable than the other configurations having the 
same number of electrons. 

(2) The symbol s for the orbitals having / — 0 has its origin 
from the term spherical symmetrical. 

(3) The increasing order for the values of e/m (charge/mass) 
for electron (e), proton (p), neutron (7), and alpha particle 
(ajisn<a<p<e. 

(4) The energy of photon having wavelength 800 nm is 
larger than that having 400 nm. 

125. Which of the following is false? 

(1) Pfund spectral series for which n, = 5 and n, = 6, 7, 
... lies in the far infrared region of the electromagnetic 
radiation. 

(2) Visible region of electromagnetic radiations has 
wavelength from 400 nm to 800 nm. 

(3) Balmer spectral] series lies in the visible portion of the 
electromagnetic radiation. 

(4) Lyman spectra] series lies in the visible portion of the 
electromagnetic radiation. 

126. Which of the following is false’? 

(1) Bracket spectral series for which n, = 4 and n, = 5, 6, 
7, ... lies in the infrared region of the electromagnetic 
radiation. 

(2) The orbital 3d » is symmetrical about z-axis. 

(3) The orbital 3d, has no probability of finding electron 
along x- and y-axis. 

(4) The orbital 3d 2 ,?has no probability of finding electron 
along x- and y-axis. 


127. Which of the following is true? ll 
(1) The electron density in the Xy-plane in 3d 
zero. xy Orbita) i 
(2) The electron densities in the xy. 


and Xz- 
orbital are zero. 


Plane in is 
(3) The electron density in the Xy-plane in 3 
Zero. ý Orbita h 


(4) Pauli exclusion principle is followed b 
have integral spin. 
128. Which of the following is false? 


(1) The d orbitals are no more degenerate in t 
of a magnetic field. 


y bosons Whi 


(2) The spin quantum number was introduced t 
the splitting of spectral lines of hydrogen at 
presence of a magnetic field. 


O explain 
OM in the 


(3) Pauli exclusion principle is followed by fermions which 
have half integral spins. i 


(4) The energy of an orbital in an atom remains the same 
with increase in the positive charge in its nucleus, 


1. Which of the following statements are correct? 


(1) The electronic configuration of Cr is [Ar]3&, 4s! (atomic 
number of Cs = 24). 


(2) The magnetic quantum number may have a negative value 


-Multiple Correct Answers Type 


(3) In Silver atom, 23 electrons have a spin of one tyx 
and 24 of the opposite type. (Atomic number o 
Ag = 47) 

(4) The oxidation state of nitrogen in NH, is 3. 


2. Ground state electronic configuration of nitrogen atom cx 
be represented as 


o F [F3] [TIT] 
o M FY EET 
o F [ri] [TH] 
of [r3] FTH] 


3. Which of the following orbitals has(have) one sper? 
node? 
(1) Ls (2) 2s (3) 2p (4) 3p 

4. The energy ofan electron in the first energy level of H ator 
is —13.6 eV. The possible energy value (s) of the excited 58 
(s) for the electron in He® is (are). 
(1) 544eV 2) 136eV. ()-34eV (4) -64V 

5. Which of the following species has (have) five unpair 
electrons? 
(1) Cs (2) Mn (3)Mn2* — (4) Fe” 

6. Which of the following series in H-spectra occurs in IR regi 
(1) Lyman (2)Pashen — (3) Bracket (4) Balmer 


> which of the following elements are isotopes. 
^ pc? | Qc" BICH gy NM 
which of the following properties are possessed by cathode ray? 
8. 


)D ual nature (2) Travel with speed of light 


(I 
3) Have negative charge (4) Possess magnetic effect 
which of the following are isotones? 

ý (1) gar (2) pCa”? (3) ,,Sc*4 (4) ,,Sc*! 

The energy of an electron in the first Bohr orbit of H 


atom is 13.6 eV. The possible energy value(s) of the excited 
state(s) for electron in Bohr orbits of hydrogen is(arc). 


(D -34eV (2)42eV (3)-6.8eV (4) 46.8 eV 


When o--particles are sent through a thin metal foil, most of 
l them go straight through the foil because, 


— 
> 


— 
— 


(1) a-particles are much heavier than electrons 
(2) a-particles are positively charged 
(3) Most part of the atom is empty space 
(4) a-particles move with high speed 
. Which of the following sets of quantum number is/are not 
permitted? 


(1) n=3, ! 


(4)n=3, 120, m=O, fee 


13. The lightest particle is/are 


(1) Electron (2) Proton (3) Neutron (4) -particle 
. Which orbital of the following is lower in energy in a many 
electron atom? 


(1) 2p (2) 3d (3) 4s (4) 5f 
Which of the following statement(s) is/are correct? 
(1) Electrons behaves as a wave. 

(2)s-orbital is non-directional. 


15, 


(3)An orbital can accommodate a maximum of two electrons 
with parallel spins. 


(4)The energies of the various sub-shells in the same shell 
are in the order s > p> d> f. 


The angular momentum of p electron is 
(1) 3-46 Q)h46 (3) hv2 
The angular momentum of P electron is 
(1) V6 Q)h42 (3) x4 (4) h V6 
Which of the following is/are possible? 

(1) af (2) 4d (3) 2d (4) 3p 


If the value of (n + I) is more than 3 and less than 6, then 
What will be the possible number of orbitals? 


(1) 6 (2) 9 (3) 10 (4) 13 


~~ 


(4) 4 2 
uU il 


18, 


19, 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 
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Which of the following is/are not indicated by the sign of 
lobes in an atom? 


(1)Sign of charges 

(2)Sign of probability distribution 

(3)Sign of wave function 

(4)Presence or absence of electron 

Which of the following does not relate to photon both as 

wave motion and as strcam of particles? 

(ID £= hv (2) E = mc? 

(3) Interference (4) Diffraction 

What transition in He' ion shall have the same wave number 

as the first line in Balmer series of H atom? 

(10725 (2)6 5^4 (3)523 (4)4—2 

An electron has spin quantum number (5) +1/2 and magnetic 

quantum number is —1. [t can be present in 

(1) s orbital (2) d orbital 

(3) p orbital (4) f orbital 

The raidal part of wave function depends on the quantum 

numbers 

(1) n 2)1 (3) 1, m, (4) n only 

How many spherical nodes are present in 4s orbital in a 

hydrogen atom? 

(1)0 (2)2 (3)3 (4)4 

Which of the following statement about quantum number 

is correct? 

(1)If the value of / = 0, the electron distribution is spherical. 

(2)The shape of orbital is given by subsidiary quantum 
number. 


(3)The Zeeman's effect is explained by magnetic quantum 
number. 


(4)The spin quantum number gives the orientations of 
electron cloud. 

A hydrogen-like atom in ground state absorbs » photons 

having the same energy and its emits exactly » photons 

when electrons transition takes placed. Then, the energy of 

the absorbed photon may be 

(1)91.8eV (2)40.8eV (3)484eV (4)544eV 

Magnetic moment of V(Z = 23), Cr(Z = 24), and 

Mn (Z = 25) are x, y, z, respectively, hence 

(Dx-yez (2)x<y<2 (3x«ez*€y (Dzzvxx 

Consider the ground state of Cr atom (Z = 24). The number 

of electrons with the azimuthal quantum number, / = 1 and 

2, respectively, are 

(1) l6and5 (2)12and5 (3) lOand5 (4)12and4 

When an electron makes a transition from (» + 1) state to 

n state, the frequency of emitted radiations is related to r 

according to (n >> 1), 

GB)von* (4) ve n? 

In a sample of H-atoms, electrons make transitions from 

n= 5 to n ^ 1. If all the spectral lines are observed, then 

the line having the third highest energy will correspond to 


(10523 (2)4> 1 (3)3-> 1 (4)5 44 


(Ivan? (2)van? 
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owing 


32. Rutherford's a-scattering experiment led to the foll 
conclusions: 

(1)Atom has largely empty space. 

(2)The centre of the atom has positively ch 
us is very small as comp 


arged nucleus. 


| à ared to the 
(3)The size of the nucle ared 


size of the atom. 
(4)Electrons revolve around the nucleus. 


. The probability of finding the electron in p, orbital is 
along 


fod 
tad 


(DMaximum on two opposite sides of the nucleus 


X-axis. 
(2)Zero at the nucleus 
(3)They produce heating effect 
(4) They can affect photographic plate 
34. Which of the following statements concerning Bohr’s model 
is are true? 
(DIt predicts that probability of electron near nucleus is 


more 
(2)Angular momentum of electron in H atom = r///2r. 


(3)It introduces the idea of stationary states. 
(4)It explains line spectrum of hydrogen. 
35. Which sets of quantum number are consistent with the 
theory? 
(D n=2./=1,m=0,s=-1/2 
(2) n=4,1=3,m=-2,s=-1/2 


(4) n=4,1/=3,m=-3, s- *12 

36. An electron is not deflected on passing through a certain 
region because 
(1) There is no magnetic filed in that region 


(2) There is a magnetic field but velocity of the electron is 
parallel to the direction of magnetic field 


(3) The electron is a chargeless particle 
(4) None of the above 
37. Heisenberg uncertainty principle is not valid for 
(2) Motor car 
(3) Stationary particles (4) All of the above 
38. Which of the following statements are correct for an electron 
that has n = 4 and m = -2? 


(1) Moving electrons 


(1) The electron may be in a d-orbital. 
(2) The electron is in the fourth principal electronic shell 
(3) The electron may be in a p-orbital. 
(4) The electron must have the spin quantum number = *1/2. 
39. The wave nature of electron was verified by 
(1) de Broglie (2) Davisson and Germer 
(3) G.P. Thomson (4) Rutherford 
40. Which of the following statements is/are correct? 
(1) There is no probability of finding a p-electron right at 
the nucleus. 
(2) The orbital d ? has two lobes of electron density directed 
along the z-axis and a ring of electron density (called 
dough nut) centred in the xy-plane. 


(3) The orientation of p and d orbitals minimises elec | 
Ton 


electron repulsion in many electron atoms. | 


(4) None is correct. 

41. Which of the following statements is/are correct? 

(1) For all values of n, the p orbitals have the same ii 
but the overall size increases as Increase, for a vie 
atom. 

(2) The fact that there is a particular direction along Whig 
each p orbital has maximum electron density, Plays 
important role in determining molecular geometries n 


(3) The charge cloud ofasingle electron in 2p, atomic orbit 
consists of two lobes of electron density. 


(4) None is correct. 
42. The charged cloud of a single electron in a 2p, atomic orbity 
has two lobes of electron density. This means 
(1) There is a high probability of locating the electron in th, 
2p, atomic orbital at values of x > 0. 


(2) There is a high probability of locating it at values of ; 
> 0 but no probability at all of the locating it any where 
in the yz-plane along which x = 0. 


(3) There is a great probability of finding a p electron righ 
at the nucleus. 


(4) All are correct. 
43. Which of the following statements is/are correct? 
(1) The energy of an electron in a many electron atom 
generally increases with an increase in value of n, bu 
for a given, the lower the value of / the lower the energy 


(2) An electron close to the nucleus experiences a large 
electrostatic attraction 


(3) For a given value of n, an s-electron penetrates of the 
nucleus more than a p-electron, which penetrates Mor 
than a d-electron, and so on. 


(4) None is correct 


44. Which is correct statement in case of Hund’s rule? 

(1) It states that if more than one atomic orbital of the sam? 
energy is available, electrons will occupy differenti 
atomic orbitals with parallel spins, as far as possible. " 
the configuration of lowest energy 


(2) Total energy of many electron atom with more than onè 


electron occupying a set of degenerate orbitals is lowes! 
if as far as possible, electrons occupy different atomic 
orbitals and have parallel spins 
(3) Hund's rule forbid any configuration that does not violate 
^ , i” ` P 1 N 1 
the Pauli's exelusion principle 
(4) Hund's rule simply tells us which of the possible 
configurations is lowest in energy and other configuration 
are those of excited states, higher in energy than the 
ground state 
45, ich of the fi ing i 
Which of the following is true? 


(1) A configuration with the maximum spin multiplicity has 


the minimum energy and thus is most stable. 


4 


^ The energy of 3d orbital may be greater than or lesser 
fo 9) 


(2 Sanct equal to that of 4s orbital depending upon the 
tomi number of the atom. 
a 
All p orbitals have the same type of angular dependence 
3 


“respective of the value of principal quantum number 77, 
irres : 
In a given electrical field, B-particles are deflected more 
4) than a-particles in spite of a-particles having | 


charge: 


-" comprehension Type Iil 
yin 


pragra ph ! fchromium is 24. Its electron; 
nic number of cht omium is Z^. Its electronic configuration 
state is 15? 2s? 2p? 3s° 3p$ 4s! 345. Chromium atom 
`a 3 electrons form Cr?* ions. A chromium atom contains 
med neutron than the protons. Now answer the following 
l 0 


arger 


he alo! 
i ground 


gestions: l . 
n The number of unpaired electrons in Cr^* ion is 
ITE (26 (3) 5 (4) 1 


» The numbers of electrons having n = 3 and m, = 0 in 
chromium atom 1s 
()2 (2) 5 (3)4 (4) 1 

3. The group number and period of the chromium in the 
periodic table are, respectively, 


(D6and3 (2)5and3 (3)6and4  (4)5and4 
4. The chromium atom can be represented by the symbol 
Go Oat Cys (4) Crt 


5. The number of occupied sub-shell in Cr3* ion is 
(1)3 (2)4 (3) 5 (4) 6 
Paragraph 2 


Aneutral atom of an element has 2K, 8L, and 5M electrons. Find 
om the following: 


6. Atomic number of neutral atom 
(1) 20 


(2) 18 (3) 15 (4) 25 
7. Number of electrons in valence shell 
(1) 5 (2) 6 (3) 7 (4) 4 
8. Number of unpaired electrons 
(1)2 (2) 3 (3)4 (4) 5 
). Number of electrons having n +1 =3 
à "i (2)8 (3) 10 (4) 4 
. *xmum number of electrons having same spin 
" s (2)8 (3)9 (4)3 
raph 3 


| P 
"4 Mixture of H-He* 
e " 
i Ir espective first excj 
ba excitation ene 
Ohr m 
Weston Odel of an 


gas, H atom and He? ions are excited to 
ted states, Subsequently, H atom transfers 
rgy to He® ions by collision. Assuming 
atom is applicable, answer the following 
ll. Th 
e 
in ge fum number n of the statement finally populated 
lon is 
(1) ] 


M 


(2) 2 (3) 4 (4) 6 


12. 


14. 


15. 
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The wavelength of the light emitted in the visible region by 
He® ions after collisions with He® ions is 

(1) 6.0 x 107 Q)5 x 107 

(3) 4.8 x 107 (4)3 x 107 


. The ratio of the potential energy of the n = 2 electrons for 


H atom to the of He® ion is 

(1) 1/4 (2) 1/2 

(3) 4 (4) 3 

If cach hydrogen atom in the ground state of 1.0 mol of H 
atoms is excited by absorbing photons of energy 8.4 eV, 


12.09 eV, and 15.0 eV of energy, then the number of spectral 
lines emitted is equal to 


(1) 5 (2) 2 

(3) 3 (4) 4 

When an electron of H atom jumps from a higher to lower 
energy state, then 

(1) Its potential energy decreases. 

(2) Its kinetic energy increases. 

(3) Its angular momentum remains unchanged. 


(4) Wavelength of de Broglie wave associated with the 
electron decrease. 


Paragraph 4 


Consider a system containing a negatively charged pion 
(1, m, = 273° m ) orbiting around a stationary nucleus of atomic 
number Z. The total energy (£,) of ion is half of its potential 
energy (PE, ) in nth stationary state. The motion of the pion can be 
assumed to be in a uniform circular motion with centripetal force 
given by the force of attraction between the positive nucleus and 
the pion. Assume that pion revolves only in the stationary states 
defined by the quantisation of its angular momentum about the 
nucleus as per Bohr's model. 


16. The potential energy (PE ) of ion follows: 


n- 
(1) PE, oc m, A 


722 
(2) PE sm, |=] 
n- } 


/ 


(3) PE, oct () (4) pe, «(Z| 


2 | 
m. nm. noj 


17. Number of waves made by the pion when orbiting in third 


18. 


19. 


excitation state are 
(1)3 
(3) 322 


(2)4 

(4) AZ 

The longest wavelength radiation emitted in the emission 
spectrum when the pion de-excites from n = 3 to ground 
state lies in which of the following region? 

(1) UV (2) Visible 

(3) Infra-Red (4) Cannot be calculated 


The wavelength (X,) of the pion orbiting in n® stationary 
state is given by 


n 


m,Z 
Z 
(3) A, oc Pn Cy ee 
n M” 
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Paragraph 5 


A hydrogen like atom (atomic number Z) is in a higher excited state 
of quantum number n. This excited atom can make a transition 
to the first excited state by successively emitting two photons of 
energies 10.20 eV and 17.00 eV. Alternatively, the atom from the 
same excited state can make a transition to the second excited state 
by successively emitting two photons of energy 4.25 ev and 5.95 
eV. Determine the followings: 
20. The value of atomic number (Z) is 


(1)2 (2)4 (3) 6 (4) 3 
21. The excited state (7) of the atom is 
(1)4 (2) 6 (3) 8 (4) 3 


22. The atom during transition from n = 1 to n =2 emit radiation 
in the region of 


(1) Visible (2) Infra-red (3) UV (4) None 
23. The hydrogen-like atom in the above question is 
(D Li? (2) He® (3)H (4) None 
Paragraph 6 


The characteristic X-ray wavelength for the lines of K , Series in 
elements X and Y are 9.87 À and 14.6 À, respectively. If Moseley's 


equation, Jv 249 x 107 (Z — 0.75) is followed: 
24. The atomic number of X is 


(1)8 (2) 10 (3)12 (4) 16 
25. The atomic number of Y is 
(1) 10 (2) 6 (3) 8 (4) 12 
Paragraph 7 


It is impossible to determine simultaneously the position of 
- velocity of small microscopic particle such as electron, proton, 
or neutron with accuracy. This is called Heisenberg's uncertainty 


h 
principle. Mathematically, it is represented as Ax-AP2 4g AS 
uncertainty in position. Ap is uncertainty in momentum. 

26. Ifuncertainty in the measurement of position and momentum 
of an electron are equal, then uncertainty in the measurement 
of its velocity is approximately 
(1) 8 x 102 m s7! (2) 6 x 1017 m s7! 

(3) 4 x 102m s (4) 2 x 102 m s! 

27. Ifa 1.00 g body is travelling along X-axis at 100 cm s^! with 
an uncertainty in velocity as 2 cm™!. The uncertainty in its 
position is 
(1) 5.28 x 10-79 m 

(3) 1.30 x 107 ?? m 
Paragraph 8 
The sequence of filling electrons in sub-shells of elements with few 
exceptions in d-block and f-block elements is governed by Aufbau 
principle followed by Hund's rule and Pauli's exclusion principle. 
(1) The electron prefers to enter into sub-shells with lower 
(n + I) value. 
The energy for any sub-shell of an element other than 


hydrogen is proportional to the sum of principal quantum 
number (n) and angular momentum quantum number 


(2) 2.64 x 10-29 m 
(4) 0.66 x 1073 m 


(2) If (n + /) value is same for many Sub-shells n — 
electron filling is given to the sub-shell With lowest AY of 
(3) i. Fulfilled sub shell is most stable. " valig 
ii. Half filled sub-shell is more stable less tha 
28. Which pair of sub-shell has same energy for ab 
exceptional element under rule (a)? 
(1) Is, 2s (2) 2s,2p . (3)3d, 4p (4) 
29. If Hunds rule is not obeyed by some elements 


n half fit. , 
Ove descri, 


3p, 4d 


then which atom has maximum magnetic Due ely 
(Fe  (2)Cu—3)Cr_ AMn 
30. Which element with lowest atomic number follows rule (h 
) 
(1) ,K (2) „4Cr (3) Na (4) „Cu | 
31. In which element rule (c) (i) is followed? 
(1) „CU (2) „4Cr (3) jgFe (4) ı5Mn 
32. Which pair of element follow rule (c) (ii)? 
(1)Cr,Mo (2)Mn,Fe (3)CuAg (4)N,P 
Paragraph 9 


The only electron in the hydrogen atom resides under ordina 
conditions on the first orbit. When energy is supplied, the electron 
moves to higher energy orbit depending on the amount of energy 
absorbed. When this electron returns to any of the lower orbits, it 
emits energy. Lyman series is formed when the electron returns to 
the lowest orbit while Balmer series is formed when the electron 
returns to the second orbit. Similarly, Paschen, Brackett, and Pfund 
series are formed when electron returns to the third, fourth, and 
fifth orbits from higher energy orbits, respectively. 

Maximum number of lines produced when an electron jumps 

; n(n — 1) 

from nth level to ground level is equal to RENE 

If the electron comes back from the energy level having 
energy E, to the energy level having energy E p then the difference 
may be expressed in terms of energy of photon as 

E,- E — AE, N=hclAE 

Since h and c are constants, AE corresponds to definite 
energy; thus, each transition from one energy level to another will 
produce a light of definite wavelength. This is actually observed 
as a line in the spectrum of hydrogen atom. 

Wave number of line is given by the formula 


= ehh 4 
v — RZ PS 
m nm 


where R is a Rydberg constant. 
33. Ifthe ionisation potential for hydrogen-like atom in à sample 


is 122.4 V, then the series limit of the Paschen series for this 
atom is 

R YR ; 
(1) R (2) D (3) PS (4) 3°R 


34. Ina single isolated atom, an electron makes transition ff07 
fifth excited state to second state then maximum number? 
different types of photons observed is 
(1) 3 (2)4 (3)6 (4) 15 

35. The difference in the wavelength ofthe second line of Lym 
series and last line of bracket series in a hydrogen sample! 


A 


Te, 
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9 1271 Stopping potential: It is the minimum potential at which the 
1 


2) —— 
(D'gg |] 8R 
219 (4) None of these 
the wave number of electromagnetic radiation emitted 
10. 


during the transition of electron in between the two levels 
uring 7 LR 

(Le ion whose principal quantum numbers sum is 4 and 
0 


difference is 2 18 


DAR, (3) 8Ry (4) S n, 


paragraph 10 -—— 
e shape of orbitals are related to the ratio of principal quantum 
ber (7) fo subsidiary quantum number (k, a modification of 
y Sommertield theory). The value of k for any shell has n value 
je between n to 1. The maximum value for k is given for s 
she while k becomes smaller with p, d, f ...., respectively, 


ypto minimum value. 


Major axis (n) 


Minor axis (k) 
Ẹ n is the major axis and k is the minor axis, then n/k = 1 for 
cular shape while n/k > 1 for elliptical shape. 


37, Which value of n and k suggests about the shape of 3s 
orbital? 


hotoelectric current becomes zero. If V, is the stopping potential 
eV, 7 h(v — Vo). 


42. In the photoelectric effect, the slope of straight line graph 
between stopping potential (Vp) and frequency of incident 
light (v) gives 


(1) charge on electron 

(2) work function of emitter Vo 
(3) plank’s constant ! 
(4) ratio of Planck's constant to charge on 


— v 
electron 

43. The stopping potential as a function 
of frequency is plotted for two A B 
photoelectric surfaces A and B. The y, 
graph show that the work function of A is 1 
(1) Greater than that of B 
(2) Smaller than that of B em dh 


(3) Same as that of B 
(4) Such that no comparison can be done from given graphs 


44. Which of the following is the graph between the frequency 
(v) ofthe incident radiations and the stopping potential (v)? 


of | 2) | i 


—V 
(1) 3,2 QUI (35,0 (4) 3,3 
38. The ratio of n/k = 2 does not related to A l 
(1) 2p (2) 4d (3) 6f (4) 2s (3) | (4) 
39. Which shape is related to be circular having n/k value 
(1) 3/3 (2) 4/3 (3) 3/2 (4) 1/2 aid nd 
4. Which orbital shape has highest n/k >> 1 value? 45. The following figure indicates the energy levels of a certain 
(1)7s Q) 5p (3) 3d (4) 4d atom. When the system moves from 2E level to E level, a 
photon of wavelength À is emitted. The wavelength of the 
41. Which is correct according to the increasing elliptical nature photon produced during the transition from level 4E/3 to 
of sub-shell? level E is 
(1) 2s € 5p « 3p < 4d (2) 4d < 2s < 5p < 3p 2E 


(3) 4d « 2s < 3p < 5p (4) 3p « 4d « 2s < 5p 4E 
Paragraph 11 3 | ! 


rura of electrons from a metal surface when exposed to 
ae in of appropriate wavelength is called photoelectric 
finc e emitted electrons are called photo-electrons. Work 

Ion of threshold energy may be defined as the minimum 


amo : , 
i ARM energy required to eject electrons from a metal surface. (1) 
“cording to Einstein, 


A 3 
(I) = Qj g” TE 


46. Which graph is correct? 


Maximum kinetic energy of ejected electron 7 


= Absorbed energy — Work function r 


l2 1 4 
"M = h(v) - h(vy) = hc Fa 


Where y Mo 
teo, and Ao are threshold frequency and threshold wavelength, 
Pectively, 


— 
t 
— 


KE of photo 


(4) 


electron ———J»9 


= 
o 
5 
3 
v 


KE of photo 


Intensity of —3» Intensity ———» 
| light of light 
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Paragraph 12 E 
It is tempting to think that all possible transitions are permissible 


and that an atomic spectrum arises from the transition ofan electron 
from any initial orbital to any other orbital. However, this is not 
s an intrinsic spin angu 
1. although it has no charge and 


so, because a photon ha lar momentum of 


J2 h/2n corresponding to S$ = 


no rest mass. 


On the other hand, a 
n: orbital angular momentum, 


n electron has got two types of angular 


momentur 
L= [ Jad +0) ] h/ 27. and spin angular momentum, 


arising from orbital motion and spin motion 
of electron. respectively. The change in angular momentum of the 
electron during any electronic transition must compensate for the 
angular momentum carried away by the photon. To satisfy this 
condition the difference between the azimuthal quantum number of 
the orbitals within which the transition takes place must differ by 
1. Thus. an electron in a d-orbital (/ = 2) cannot make a transition 
an s-orbital (/ = 0) because the photon cannot carry away 


L, —4[s(s t 1) h!2n 


into 
enough angular momentum. 


47. Electronic transition from 4s to 3 
meaning that it cannot occur, because 


(1) There will be no change in the orbital angular momentum 
of electron, although the emitted photon has angular 
momentum. 

(2) There will be change in the orbital angular momentum 
whereas the emitted photon has no momentum. 

(3) Am, values between 4s and 3s is not zero, which is an 
important selection rule for allowed transition 

(4) In 4s and 3s orbitals, the wavelength of the electron 
wave are the same. | 

48. The maximum orbital angular momentum of an electron 
with n = 5 is 


ay (3 vp a) Ja (4) 420 1- 
2n 2n 2n 2n 


s orbital is forbidden 


Matrix Match Type iil 


This section contains questions each with two columns—4 and Il. 
Match the items in column I with those in column I. 


m 


Column H 
p. | UV radiation 


q. | JR. radiation 


r. | Pauls principle 


Column I 
a. ^-— hP 


b.| Lyman Series 


F Ax-Ap zh/ 4n 


Two electrons in — 


i. | Heisenberg uncertainty 


principle 
. | de Broglie relationship 


any orbital must have 
an opposite spin 


Coumnt | | Column n 


Angular momentų 
of electron in an ors 
ital 


Aufbau principal ~~ 


| 


Occupancy of electrons 
in degenerate orbitals 


Ad orbitals are filled 
after 5s orbitals 


Discovery of electron 
Discovery of neutron 
Electron revolve around 
the nucleus in a definite 
orbit with a definite velocity 
| d. Shape of p orbital 

In hydrogen spectrum 
transition from n" level 

to second level correspond 


EJ James Chadwick 
t. J.J. Thomson 


to the line. 


ca M: 
‘Column I | LL Il 
a. Plum-Pudding model |p. | 1.6022 x 107 "E 


Thomson's model 


| 


b. Planetory model of atom 


E Atoms are indivisible 
(d. Charge on electron s. +1/2 
e The spin of electron is t. Dalton theory 


Column II 
g Davisson and Germe! 


Column I 

The radiation 

has dual nature. 
The orbital angular Same atomic number 


momentum of electron 


in 2s orbital is ee 
c.| The wave character of de Broglie 
electron was experi- 
. [mentally verified by | | — 1 —— 
d.|Isotopes , Zero 
e. Isotone ü M Same number of electro?" 
u.| Einstein " + l 


D 
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as nel 


^m ^^  CoeumHü 


Coben I 
Obes xe Gilled in order of p. Hund's rule 
+ essing energy 


xs oial can bave 


4 Postia and momentum s. Heisenberg principle 


-£a small particle cannot 
ne messured simultaneously 
wah absolute accuracy. 


r. Aufbau principle 


e 


EM oues c EUN NO ED CTUM e 


Column I Column II 


a Dus! character of light p. Davison 
h veneddualcharacter q. Plank 


of electrons 
c. Quan theor v r. Einstein | 
6 nnn »à — Brace —————— ——] 
d C bes conuguration s. Pauli | 


& 
Column I Column II 
2 CocüemzüionofCris p. Is? 2s? 2pf 38? 3pó 34/9 
b.Cossisur2ton oí Cuis q. 5 
— = T 7 x 
cecrons m Fe 3d 4s! 
= = a er a aSa A er 
å Fiecronic configuration s. is 2s 25^ 3s- 3p? 
of Zn 3di9 As! 
| t. 1s* 28? 2pf 3s? 3p$ 3d? 
4s? | 
w 1s? 2s? 2p’ 3s 3p? 30 — 
4s | 
$, 
Column J Column If 
a. Radial probability p. 
aie | 
— eisobüd ——— | YN Sx | 
b. Radial probability q. 
distribution graph 
for 2s orbital 


¢. Radial probability r. 
istribution graph 
for 2p orbitals 

d Electron cloud picture — s 
of 2s orbital 


Column I Column II 

a. Order of screening p. 4s «3s € 25 € ls 
effect orbitals 

b. Order of energies of orbitals q.s>p>d>f 

c. Order of effective nuclear Ls«p«d«f 


charge in s orbital with 

different value of 

n (principal quantum number) 
d. Order of energies of visible s. Violet > blue > green > 

light yellow 7 orange ? red 

| t. Red > orange > yellow 
| green 7 blue 7 violet 
lu. 4s > 357 257 Is 


Column II 


Column I | | Column II 
a.| 2s | p.| n=4,1=2,.m=0 
b. 2p. |q| n=4,1=2,m=-2 or +2 
c. |4do 9 | r. n-2.I-li:m-0 
d. 4d? (s n=2,1=0,m=0 


p 

| b.i1s2 2s? 2p6 q.| i32 
T. 
S 
t 


c. n, — n, in He ion Energy numerically 
| equal to ionisation 
energy 


4n, 2 n, in H atoms s. Ultraviolet radiations 


Column I 
a. Angular momentum | p. | Increases by increasing n 
b. Kinetic energy |q. | Decreases by decreasing Z 
c. Potential energy — |r.- Increases by decreasing Z 
Velocity [s] Decreases by decreasing n 
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16. 


Inversely proportional to n 


Energy of electron in 
nth orbit 

Velocity of electron in 
nth orbit. 

Angular momentum 
of electron 


Column II 


spectral line in IR region, 


spectral line in visible 
region. 
Spectral line in UV 
region 
Spectral line will be 
observed one. 


Last line of Balmer r. 
series in H atom 


d. 4 2 transition in s. 


Column II 


Jn (n * 2) 


nh/2x | 
s(s-Dh 

I+ jh 

n(n*-1)h | 


| a. Orbit angular momentum 


| b. Orbital angular momentum 


| 
ES | Spin angular momentum 


| d. Magnetic moment 


Column II 


p. Increases by increasing n 


| Column I 
| | 

| a. Angular momentum 
b. 


inetic energy q. | Decreases by decreasing Z 


r. Increases by decreasing Z 
s. | Decreases by decreasing 


EM One nodal plane 
| a. | Two nodal planes 
| rj Eight nodal planes 


| s. | Zero nodal plane 


ci Zz || 
1 


. What is the total number of pairs of electrons atleast same 
quantum numbers for Be? 
(1) 2 (2) 4 (3) 3 (4) 8 
2. The magnitude of an orbital angular momentum vector of 


h 
an electron 1s J/6 pst Into how many components will the 
n 


vector split if an external field is applied to it?. 
(1)3 (2) 5 (3) 7 (4) 10 

3. A certain transition in H spectrum from an excited state to 
ground state in one or more steps gives rise to total 10 lines. 
How many of these belong to UV spectrum ? 
(1)3 (2)4 (3) 5 (4)6 

4. The uncertainty in the position of an electron is equal to its 
de Broglie wavelength. The minimum percent error in its 
measurement of velocity under this circumstance will be 


approximately. 
(1)4 (2)8 (3) 18 (4) 22 

5. The sum of all the quantum numbers of helium atom is. 
(1)1 (2)2 (3)3 (4)4 


6. The maximum number of electrons that can be accommodated 
in an orbital is 


()1 (23 (3) 2 (44 
7. Theorbital angular momentum quantum number ofthe stale 

S, is 

(1) 0 (2)2 (3) 1 (4) 3 


8. How many of the following are possible: 
lp, 25, 3p, 3f, 3d 


(1) 1 (2)2 (3) 3 (4)4 , 
9. How many of the following ions have the same magneti 
moments? 
Fe?*, Mn?*, Cr?*, Ni?* 
(1) 1 (2)2 (3)3 (4)4 
10. The number of nodes in 3p orbital. 
(1) 1 (2) 2 (3) 3 (4) 4 


> 


' 4 atoms are excited by absorbing photons of energy 
He 


i. 


IN 
jee M correct Answer Type 
ng an atom, an electron is moving with a speed of 
I at m/s with an accuracy of 0.005 %. Certainty with which 
the position of the electron can be located is (h = 6.6 X 
"EIS m/s, mass of electron, e,, = 9.1 x 10?! kg) 
"Neb 107 m (2) 5.10 x 10? m 
y 192* 107m (4) 3.84 x 10? m 
r (AIEEE 2009) 
Calculate the wavelength (in nanometer) associated with a 
proton moving at 1 x 10° m/s 
(Mass of proton = 1.67 x 1077 kg and } = 6.63 x 1074 J.s) 
(1) 0.032 nm (2) 0.40 nm 
à) 25nm (4) 14.0nm (AIEEE 2009) 
;. The energy required to break 1 mol of CI-CI bonds in Cl, 
is 242 kJ/mol. The longest wavelength of light capable of 
breaking a single CI-Cl bond is 
(1) $94 nm (2) 640 nm 
(3) 700 nm (4) 494 nm 
4. Ionization energy of He* is 19.6 x 10775 J/atom. The energy 
of the first stationary state (n = 1) of Li?* is 
(1) 4.41 x 10-16 J/atom (2) —4.41 x 1077 J/atom 
3) -22* 10-5 J/atom (4) 8.82 x 10!7 J/atom 
(AIEEE 2010) 
. A gas absorbs photon of 355 nm and emits at two 


wavelengths. If one of the emission is at 680 nm, the other 
is at 


LOS 


ta 


un 


(1) 1035 nm (2) 325 nm 

(3) 743 nm (4) 518 nm (AIEEE 2011) 
6. The frequency of light emitted for the transition 

n=4 ton = 2 of He’ is equal to the transition in H atom 

corresponding to which of the following? 


(1) n=3ton=] (2) n=2ton=] 
(3) n=3ton=2 (4) n=4ton=3 
(AIEEE 2011) 
7. The electrons identified by quantum numbers n and | 
(1) n=4,/=] (2) n=4,1=0 
(3) n=3,1/=2 (4) n=3,/=1 


can be placed in the order of increasing energy as 
(1) (3)«(4)-(2)- (1) (2) (4) <(2)< (3) € (1) 
3) (2)<(4)<(1)< (3) (4) (1) < (3) * Q) € (4) 
(AIEEE 2012) 


- Energy of an electron is given by E = - 2.178 ^ 10 !* J 


2 
B Wavelength of light required to excited an electron 
in an hydrogen atom from level n = | to n = 2 will be 
(^ — 6.62 x 107^ J.s and c = 3.0 x 108 m/s) 
(1) 1214 x 107 m (2) 2.816 x 107 m 
(3) 6.500 x 107 m (4) 8.500 x 107 m 

(JEE Main 2013) 


hydrogen atom in the ground state, 1.0 mol of 


(AIEEE 2010) . 


Archives 


9, 


10. 


11. 


12. 
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8.4 eV, 12.09 eV, and 15.0 eV of energy, then the number 
of spectral lines emitted is equal to. 


(1) ! (2) 2 (3) 3 (4) 4 


T| 
— ee 


The correct set of four quantum numbers for the valence 
electrons of rubidium atom (Z = 37) 1s 


(1) 5.0.0.1 5 (2) 5, 1, 0, t 


l 
(3) SLAs (4) 5,0, 1,+ 


wl 


(JEE Main 2014) 


Which of the following is the energy of a possible excited 
state of hydrogen? 

(1) 13.6eV (2) —6.8 eV 

(3) -3.4 eV (4) +6.8 eV 


(JEE Main 2015) 


A stream of electrons from a heated filament was passed 
between two charged plates kept at a potential difference 
V esu. If e and m are charge and mass of an electron 
respectively, them the value of h/À (where A is wavelength 
associated with electron wave) is given by: 


(JEE Main 2016) 
(1) J42meV (2) meV 
(3) 2 meV (4) VmeV 


The radius of the second Bohr orbit for hydrogen atom is: 
(Planck’s Const. h = 6.6262 x 10-** Js: 
mass of electron = 9.1091 x 10?! kg: 
charge of electron e = 1.60210 x 10? C; 
permittivity of vacuum 
e, = 8.854185 x 107? kg! m? A?) 
(1) 1.65 À (2) 4.76 À 
(3) 0.529 À (4) 2.12 À 
(JEE Main 2017) 


JEE ADVANCED 
Single Correct Answer Type 


1. Given that the abundance of the isotopes “Fe, “°Fe, and 


STFe are 5%, 90%, and 5%, respectively, the atomic mass 
of Fe is 


(1) 55.85 (2) 55.95 (3) 55.15 (4) 55.05 


(IL T-JEE 2009) 


2. The kinetic energy of an electron in the second Bohr orbit 


of a hydrogen atom is [ay is Bohr radius] 


) 


h he 
() —— a —L 
AT may lon may 

| x 2 
21 mag 641^ mag 


(IIT-JEE 2012) 
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3. The first ionization potential of Na is 5.1 eV. The value of 
electron gain enthalpy of Na® will be : 
(1) -5.1 eV (2) -10.2 eV 
(3)T2.5568V (4)-2.55eV (JEE Advanced 2013) 


4. P is the probability of finding the 1s electron of hydrogen 
| atom in a spherical shell of infinitesimal thickness, dr, at a 
distance r from the nucleus. The volume of this shell is 
4m"dr. The qualitative sketch of the dependence of P on r 


IS 
P 
(1) | 
0 s 
P 
(3) | | | 
0 7 


P 
(2) 
0 r 
P 
(4) 
0 r 
(JEE Advanced 2016) 
Linked Comprehension Type 
Paragraph 1 
The hydrogen-like species Li** is in a spherically symmetric state 
S, with one radial node. Upon absorbing light, the ion undergoes 
transition to a state S.. The sate S, has one radial node and its 
energy is equal to the ground state energy of the hydrogen atom. 
(IIT-JEE 2010) 
1. The state S, is 
(1) Is (2) 2s 
(3) 2p (4) 3s 


2. Energy ofthe state 5, in units of the hydrogen atom ground 
state energy is 


(D9.75 (2) 1.50 
(3)2.25 (4) 4.50 
3. The orbital angular momentum quantum number of the state 
S, is 
(1)0 (2)1 
(3)2 (4) 3 
Matrix Match Type 


Answer Q. 1, Q. 2 and Q. 3 by appropriately matching the 

information given in the three columns of the following table. 
The Wave function 'Y, , „, is a mathematical function 
whose value depends upon spherical polar coordinates 
(r, 0, >) of the electron and characterized by the quantum 


numbers 7, / and m,. Here r is distarice from nucleus, 
01s colatitude and $ 1s azimuth. In the mathematical functions 
given in the Table, Z is atomic number and a, is atomic number 
and a, is Bohr radius. 


Column Column 
I 


(1) Is (i) 
orbital 


V n Lm 


(II) 2s (11) One radial node 


orbital 


(R) Probability 
density is maximum 
at nucleus 


(III) 2p, 


orbital 


(iv) xy-plane is a nodal plane 


(IV) 3d? 


Z 


(S) Energy needed 
to excite electron 


orbital 
from n = 2 state to 


n = 4 state is g 
32 | 


times the energy 
needed to excite. 
electron from n=? 
state to n = 6 state | 
(JEE Advanced 2017) 


1. For the given orbital in Column 1, the only CORRECT 
combination for any hydrogen-like species is 


(1) (IV) (iv) (R) (2) (II) (ai) (P) 
(3) (III) (iii) (P) (4) (D (1) (S) 

2. For He® ion, the only INCORRECT combination is 
(1) (ID) (it) (Q) (2) (D (i) (S) 
(3) (D) (i) R) (4) (D (att) (R) 

3. For hydrogen atom, the only CORRECT combination is 
(1) (D (iv) (R) (2) (D (1) (P) 
(3) (ID (1) (Q) (4) (D (i) (S) 


Numerical Value Type 


1. The maximum number of electrons can have princip?! 
quantum number n = 3 and spin quantum numbef 
m, — -1/2 is (IIT-JEE 2011) 

2; The work function (þ) of some metals is listed below. The 
number of metals which will show photoelectric effect when 
light of 300 nm wavelength falls on the metal is 
Metal Li Na K Mg Cu Ag Fe Pt W 
b(eV) 24 23 22 3.7 48 43 4.7 6347 


(UT-JEE 201) — 


Y 


, The à 


respec’ 


gas 


č 
of Ne ‘ 


t 


tively. 
73°C is «M" times that of the de Broglie wavelength 


tomic masses of He and Ne are 4 and 20 a.m.u., 


The value of the de Broglie wavelength of He 


727°C. M is 


(JEE Advanced 2013) 


Atomic Structure 46 
aving quantum 


4. In an atom, the total number of electrons h 
numbers n = 4, |mj = | and m, = - 1/2 is 
(JEE Advanded 2014) 
5. Not considering the electronic spin, the degeneracy of 
the second excited state (n = 3) of H atom is 9, while the 
degeneracy of the second excited state of H” is 
(JEE Advanded 2015) 


di canc dtm aec ue n m 


exercises 
single Correct Answer Type 
|o È (4) 3. (1) 
«o0 7 (3) 8. (1) 
"M 12. (4) 13. (4) 
6 (3) 17. (2) 18. (3) 
qd 2 (2) 23. (1) 
26. (3) 27. (2) 28. (3) 
4,00. 32. (4) 33. 3) 
x (n 37. GB) 38. (2) 
g. 0 40) 43. G) 
% 0 40 48. (2) 
s, (4) 52. (4) 53. (1) 
s, (1) 37. (G) 58. (1) 
6. (3) 62. (1) 63. (1) 
6. (4) 67. (3) 68. (3) 
"1. (2) 72. (4)b 73. (1) 
%. (1) 77. (1) 78. (3) 
$1. (2) 82. (1) 83. (1) 
$6. (3) 87. (4) 88. (3) 
91. (4) 92. (2) 93. (4) 
%. (1) 97. (1) 98. (1) 
i. (3) 102. (1) 103. a,d 
16. (4) 107. (2) 108. (1) 
Il (1) 112. (1) 113. (4) 
16. (3) H7. (3) M8. (2) 
Dj. (J) 122. (2) 123. (3) 
126. (4) 127. (2) 128. (4) 


Multiple Correct Answers Type 


I, 
4, 
7. 


(2, 
(2, 4) 
(1,2. 


» (1) 
: (1,4) 
: (1,2) 
- (4) 
: (2) 
: (3) 


3) 


3) 


2 
5, 
. (1,2, 3, 4) 
«11, 3) 
. (1) 

. (2,3) 

. (1,2, 4) 
. (2, 3, 4) 
. (1,2,3) 


(1,4) 
(2,3) 


104. 
109. 
114. 
119. 
124. 


TE) 5. (3) 
(4) 10. (1) 
(3) 15. (4) 
(1) 20. (2) 

. (1) , 25. (3) 
(3) 30. (4) 
(2)  35.(3) 
(3) 40. (1) 
(4) 45.6) 
(3)  50.(3) 
(1) 55. (1) 
(2) 60.d 
(2 65. (3) 
(1) 70. (2) 
(1) | 75.(3) 
(1) 80. (1) 
2) 85. (1) 
(1) 90. (2) 
(1)  95.(1) 
(4) 100. (1) 
(2) 105. (3) 
(3) 110. (2) 
(4) 115. (2) 
(2) 120. b 
(3) 125.d 

3. (2, 4) 
6. (2, 3) 
9..11,2, 3) 
12. (1,2, 3) 
15. (1,2) 
18. (2, 4) 
21. (2,2, 4) 
24. (1,2) 
27. (1,2) 


28. (3) 29. (2) 30. (1) 

31. (3) 32. (1,2,3) 33. (1,2,4) 

34. (2,3,4) 35. (1,2,3) 36. (1,2) 

37. (2,3) 38. (2, 4) 39. (1, 2) 

40. (1, 2, 3) 41. (1,2, 3) 42. (1,2, 3) 

43. (1, 2, 3) 44. (1,2, 3, 4) 45. (1,2, 3, 4) 

Linked Comprehension Type 
ia: 249) 3. (4) 4. (2) 5. (4) 
6. (3) 7. (1) 8. (2) 9. (2) 10. (3) 
11. (3) 12. (3) 13. (0) 14.6) 15. (2.4 
16. (2) 17. (2) 18. (4) 19. (1) 20. (4) 
21.40) 22. (D 23. (1)  24.(4)  25.() 
26. (D 27. 02) 28. (2) 29. (3)  30.(D 
aL (b 32.() 33. (1) 34. (1) 35. (1) 
36. (3) 37. (4) 38. (4) 39. (1) 40.(3) 
41. (1) 42. (4) 43. (2) 44. (3) 45. (4) 
46. (3) 47. (1) 48. (4) 


Matrix Match Type 
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d 
E 


s? 
n 


— 
b 


r3 = 


Ni N| N 


Numerical Value Type 
1. (2) 2 (2) 
6. (3) 7. (3) 
11. (3) 


4.(2)  S5() 


3. (2) 
9.(2) 10. (1) 


8. (3) 


ARCHIVES 

JEE Main 

Single Correct Answer Type 
1. (3) 2. (2) 3. (4) 
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6. 


The constituent particles (atoms or molecules) of a solid do 
not have translatory or rotatory motion, but they possess 


vibratory motion. 
The energies ofthe three states of matter are in the following 


order: 
Solids < Liquids < Gases 


1 atm = 76 cm = 760 mm = 760 torr 
= 101325 Pa or N m? = 1.01325 x 105 Pa or N m2? 
= 10° Pa or N m? 

| atm = 1.013 bar 

| bar = 0.987 atm = 10? K Pa 

] atm = 0.06805 psi 

| Nm? = 6894.8 psi 

Pascal is defined as pressure exerted when a force of 1 

Newton (1 N) acts on an area 1 m?. 


Newton is a force that gives a mass of 1 kg and an 
acceleration of 1 ms?. (1 N = 1 kg ms?) 


, fC-T-275]5 5,009 2/3.]19 K 


a.°C= SCF-32 and F==(°C) +32 


b. Beckmann thermometer: It cannot be used to measure 
temperature. It is used only for the measurement of small 
difference of temperatures. 

c The barometric formula: It is found that as we go higher 
up the sea level, the pressure of atmosphere decreases. 
The variation of pressure with altitude is given by 
barometric formula. If P, is the pressure at sea level, T is 
the temperature on kelvin scale, the pressure P at a height 
of x m above sea level is 

; ( P) _ Mng 

É z)" RT 


Here, M is average molecular mass of air (29 x 10? kg 
mol’): g is acceleration due to gravity (9.8 m s ?) and R 
IS gas constant (8.314 JK~! mol !). 


Boyle’s law: The volume ofa definite mass of gas is inversely 
Proportional to its pressure at constant temperature. 
P, - P,V, at constant temperature. 


2 A 


States of Matter 


OVERVIEW 


7. a. The plot of P vs 1/V at constant T is a straight line passing 


Mar. 


through the origin. 


Le 


ppye— 


b. The plot of PV vs P is a straight line parallel to the 


X-axis. 


| 


PV 


pP => 


c. The plot of V vs P is a hyperbola. 


Slope (m) = -1 


— log P —> 


log V —— 


8. The density ofa gas is directly proportional to its pressure. 


At high altitudes, as pressure is low, the density of air is 
less. That is why mountaineers carry oxygen cylinders. 


. Charles’ law: The volume of a definite mass of gas is 


directly proportional to its temperature (in Kelvin) at constant 
pressure. 
At constant pressure, volume at PC, 
V, (273+ >, T 
Aa VWyk—-xt = Vy lí 
273 213 


273 
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ie, V œT 


t 
V ‘ 
or — =constan 
T 


1.¢., [7] T. 


a. Plot of V vs T 


f 


y 


b. Plot of V vs 1/T 


| 7 


TT > 
c. Plot of V vs t (°C) 


-273°C t CC) —> 


d. Plot of log V vs log T 


log V Slope (m) = +1 


log 7 ———5» 


e. Plot of V/T vs T 


| 


VIT 


T ——___» 
10. According to P-T law or Amonton 5 law, or Gay Lussac's 
law at constant volume, pressure at 2°C - 


l 
P= Ri -p2B*t QT 


273 ° 23 ?25 
1.€., PT 
P 

Or T — constant 

P 
l.e n =L = B 

l 2 
a. Plot of P vs 


b. Plot of P vs UT 


= 


c. Plot of log P vs log T 


| 


log P 


log T ——> 
d. Plot of P/T vs T 
PIT 
T ———>> 


e. The plots drawn at constant temperature for a gas are 
called Isotherms. 

f. The plots drawn at constant pressure for a gas age called 
Isobars. 

g. The plot drawn at constant volume for a gas is called 
as Isochore. 

h. Volume coefficient (œ): It is a ratio of increase in 
volume of a gas at constant pressure per degree rise x 


temperature of its volume at 0°C 
BE 
y xt 


y 


(the value of Q = l. for all gases) 
" 27 


i. Pressure coefficient (o; ): It is the ratio of increase i 
pressure of the gas at constant volume per degree ns 
of temperature to its pressure at 0°C. 

pisc 
p 
P, xt 


| aces) 
= —— for all gas 
(the value of a, 273 O 


- 


ll. Density and molar mass of a gas: According to the ide 
gas equation PV = nRT, 


A^ _ BV, 
n m 


Expressing in terms of density, we get 


peo mar QRT 


12. a. STP (Standard temperature 
temperature and pressure) cor 
K, P= latm 


13. 


14, 


e 


. SATP (standard ambient te 


and pressure) or NTP (norm 


ditions are T= eE 7 


273,15 
Or 


T=O°C= 273.15 K, P=1 bar 


i. Volume of a gast at STP (P= 1 atm) 


22.413996 L mol ! 


T . *224L mol! 
ii. Volume of a gas at STP (P 


| bar) 
= 2271098 L mol! x 22.7 L mor! 


mperaturc and 
. C r SS DN 
standard conditions arc: pressure) or 


i. T= 25°C = 298.15 K, P= 1 atm 
Or 
ii. T= 25°C = 298.15 K, P= | bar (105 Pa) 


iii. Volume of a gas at SATP (or standard conditions) 
when (P = 1 atm) = 24.4 L mol"!. 
iv. Volume of a gas at SATP (or standard conditions) 
when (P = 1 bar) = 24.789 L mol! 
= 24.7 L mol! 


, . Se 
. Volume of a gas is expressed is m? or cm? or mL or litres 


or dm? 
IL = 10? cn? = 102 m? == 1 dm? 


. Gas constant R, is work done per degree per mole. Its 


value is 
0.0821 L atm deg™! mol! 
or 82.1 cm? atm deg^! mol"! 
or 8.314 x 10’ erg deg! mol"! 
or 8.3 m Nmk^! mol! (S.I. units) 
or 8.314 J K’ mol! or kPa dm? K^! mol! (S.I. units) 
or 8.314 MPa cm? K^! mol! 
or 1.987 cal deg! mol! 


. The value of R can also be given in electron volts per 


degree per mol. 
| eV is the energy acquired by electron in passing through 
a potential difference of one volt. 

1 eV = 1.602 x 1077? volts coulomb (Joule) 


| l | l eV r) 
R = (8.314 JK^! mol") 1.602 x 10? 
= 5.189 x 10!? eV K^! mol! 


. Avogadro's law: Equal volume of all gases under similar 


conditions of T and P contains equal number of molecules 
i.e., 
Vo N or Ve n (at constant T, P) 


. According to Dalton's law of partial pressures, for a 


number of non-reacting gases mixed together, 
P ota =p, tpytp,te Qe. total pressure is the sum of 
partial pressures of the gases). 


- In a mixture of gases, the partial pressure of any gas 


A = Mole fraction of A x Total pressure. 


- Atomolysis: The process of separation of gases from 


their gaseous mixture by using the principle of diffusion 
I$ known as Atomolysis. 


15. a. Aqueous tension: When a gas is coll 


16. 


17. 


18. 


19 
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ected over Water 


by downward displacement of water, t becomes un 
due to water vapours present in it which it carries oss 
it while passing through water. These water ih ks 
also exert their own pressure at the temperature of t 
gas. The partial pressure of the water vapours at a 
particular temperature is known as aqueous tension 
at that temperature. 
Vapour pressure of dry gas 
Vapour pressure 
E pP dnd _ | of water vapour 
of wet gas (aqueous tension) | 


b. Relative humidity (R.H.) at a given temperature 
Partial pressure of water in air 
= I 

Vapour pressure of water 


c. Amagat’s law of partial volume: It states that total 
volume of mixture of gases which do not react at constant 
temperature is equal to the sum of the individual partial 
volumes of the constituents. 

V=v tv tyt.. ty 
= Ev 

d. Pay load of a balloon = (Mass of displaced air — mass 
of balloon) 

Triple point: At 4.7 mm Hg pressure and at 0.0098°C, 

ice (solid), water (liquid) and vapour (gas) may coexist 

simultaneously and all are stable. 


n 


ice ——— water 4——— vapour 

The corresponding temperature at which all the three states 
coexist is called triple point. 

Pressure of a gas is measured by manometer while 
atmospheric pressure is measured on Barometer. 
According to Graham’s law of diffusion, under similar 
conditions of temperature and pressure, if r, and r, are the 
rates of diffusion of two gases with densities d, and d,, then 


UMEN ee 
P d, Mw, 
P 
For gases at different pressures, (- oc ) 
Mw 

Fy ot, Lu 

For gases at different temperatures, t d ER 
Mw 

^ | [n Mw 

Ph T, Mw, 
The volume occupied by a gas under normal conditions of 


temperature and pressure is mainly due to empty spaces 
present between the molecules. 


The average kinetic energy of a gas is directly proportional 
to its absolute temperature. 


Most probable velocity (a) increases with an increase in 
temperature, but the fraction of molecules possessing this 
velocity decreases with an increase in temperature. 
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21. 
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23. 


24. 


25. 
26. 


21. 


28. 


29. 


30. 


31. 


32. 


i l 
According to kinetic gas equation, PV = rods * (where m 


is the mass of each molecule, n is the number of molecules, 
and u is the RMS velocity). 


2RT 


Most probable velocity, a = 
probable velocity, a Mw 


Average velocit = SRT 
ge velocity, v rr 
7 3P 

RMS velocity, u = [EE - enisi = = 
Mw Mw d 


(d = density of the gas) 
a(MPV) : v(AV) : (RMS) = 1 : 1.128 : 1.224 


v(RMS) : v(AV) : a(MPV) = 1 : 0.921 : 0.816 
a. Average KE of a gas, 


(k = Boltzmann constant) 


b. Gas constant per molecule is known as Boltzmann 
constant (k). 


TE 8.314 JK! 
N, 6.022x 10” molecules 


= 1.38 x 107? JK“! molecule 


PV 
. eye f A Z = 
Compressibility factor, GRT 


For an ideal gas, Z = 1. For a real gas, Z# 1. 

If Z < 1, a gas shows negative deviation, i.e., it is more 
compressible than expected from ideal behaviour. If 
Z > 1, the gas shows positive deviation. 

For most gases, Z « 1 at low pressure which increases with 
pressure and becomes greater than 1. For H, and He, Z is 
always greater than 1. This is because of their small size, 
which makes intermolecular forces of attraction negligible. 
As temperature increases, deviation from ideal behaviour 
decreases. The temperature at which a real gas behaves like 
an ideal gas is called ‘Boyle temperature’. 

T, (Boyle temperature) = oF 
Gases behave like ideal gases only at high temperature and 
low pressure. 

The equation of state for real gases (called van der Waals 
equation) is 

(P jw - m nr. 
for ] mol of the gas. 
For n moles of the gas, the equation is 


2s 
(+ w - nb) = nn 
y 


The van der Waals constant a is a measure of the magnitude 
of the attractive forces among the molecules of the gas. The 
greater the value of a, the larger the intermolecular forces 
of attraction. 

The van der Waals constant b is a measure of the effective 
size ofthe gas molecules. Its value is equal to four times the 


33. 
34. 


35. 


36. 


37. 


38. 


39. 


40. 


P 


y 


actual volume of the gas molecules. It is calleq exch 
| 

volume or co-volume. (ley 
b = 4 x Volume occupied by the molecules in | mol 

of 

q 


gas. 
p-a( S] Na -Ax x3 x rx 6x10? 

3 

x 96 x 102 ,? mL mol! 

Use direct formula: 
bh = 96 x 1023 x 13 x (1078? mL mol"! (If iS given in À 
Unit of a is atm L2 mol", and unit of b is L mol. | 
A gas can be liquefied by cooling or by applying Dressu, 
or by the combined effect of both. However, the effec, M 
temperature is more important because for every gas there j; 
a particular temperature above which it cannot be liquefied 
howsoever high pressure is applied. This temperature 1 
called critical temperature. A gas can be liquefied if iy 
temperature is below 


its critical temperature 


_ 8 

^ 27Rb 
The critical temperature of a gas is a measure of the strength 
of intermolecular forces of attraction in that gas. The 
weaker the intermolecular forces, the greater the difficulty 
in liquefying and hence the lower the critical temperature. 
The van der Waals constant a increases in the same order 
as critical temperature. 
Joule-Thomson effect states that ‘when a real gas i 
allowed to expand adiabatically through a fine hole from 
a region of high pressure to a region of low pressure, it is 
accompanied by cooling (except H, and He which show 
heating effect).’ 
Critical pressure (P, ) is the minimum pressure required 
to liquefy a gas. Its relation with van der Waals constans 5 
given below: 

ME 

dis 
Critical volume (V) is the volume occupied by a 235 at 
critical temperature and critical pressure. It is given as: 
Vr 8D 
Critical compressibility factor: 
fle 3 
RT. 8 


c 


L.> 


a. Critical constants in terms of van der Waals constan? 
The critical constants are related to van der Waals 
constants by the following expressions 
T. = al27b?, T,= 8a/27Rb, V. — 3b 
They are related to each other as 


Py =2RT. 
€ é 8 


b. Boyle temperature (Tp) and critical temperature (T) 
in terms of van der Waals constants: 
"2 8a 
B , T i a 
Rb 27Rb 
Thus, T,? T. 


pw 


41. a. Inversion temperature (T): Every gas has a definite 


42. 


43. 


temperature at which it shows neither he 
cooling effect when allowed to expand adiabaticall 

according to Joule- Thomson effect. Above d is 
temperature, the gas shows heating effect pi 
below this temperature, it shows cooling effect. This 
temperature 1s called inversion temperature. Mostof the 
gases have high inversion temperatures (much higher 


than the room temperature). Hydrogen and helium have 
low inversion temperatures. 


ating effect nor 


b. Be 


Sa a 2a 
b 


su xm =8:27:54 


Kinetic theory of gases: 

Dynamic Particle Model or Microscopic Model of a 
Gas: To explain the properties of gases this theory was 
put forward by D. Bernauli and developed by Clausius, 
Boltzmann, Kelvin etc. It was known as kinetic 
molecular theory of gases as it assumes the gas to be 
made of a large number of molecules in ceaseless motion. 
For the same reason it is also called a Dynamic particle 
model. The name microscopic model is also used as it 
assumes the gas to be made up of molecules which cannot 
be seen. 

a. Assumptions of kinetic theory of gases 


i. Every gas is made up of a large number of minute 
particles called molecules. All the molecules ofa 
particular gas are identical in mass and size and differ 
in these from gas to gas. 

ii. The molecules are so small and are separated from 
each other by large distances so that their actual 
volume is negligible as compared to the total volume 
of the gas. 

iii. The molecules of a gas are not stationary but are 

moving continuously very fast in all directions in 

a straight line until their directions in motion are 

changed on collision with one another or with the 

walls of the container. 

There are no attractive forces between the molecules. 

The force of gravity on them is also negligible. 

The molecules are spherical and perfectly elastic. 

Therefore, there is no loss of kinetic energy due to 

collision or mutual friction. 

The pressure exerted by a gas is due to the bombard- 


vi. 
he moving molecules against the walls of 


ment of t 
the container. 

Since different molecules in a gas move with different 
velocities, they have different kinetic energies. 
However average kinetic energy of the molecules 
is proportional to absolute temperature of the gas. 


vii. 


Kinetic gas equation: Based on assumption of kinetic 
theory, the following mathematical expression is derived 
for any ideal gas. 


] 
PV- 3 mNu? 
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Here, P = pressure of gas, V = 
each molecule, N = Total num 


m= mass of 


volume of gas, 
u = r.m.S. 


ber of molecules, 


vclocity. 


For | mole of gas 
Therefore the above equatio 


From the above equation t 


m x N= Molecular (Mw) mass 


n can be written a5 


PV - : Mwu? 


he root mean square velocity of 


the gas can be calculated. 


When 


3PV | 3RT | 3P 
u= or —— or — 
Mw Mw d 


R-8314x 107 ergs K! mol !, then 


— [3x8314x10 x T 
u= a "de 


T ) E 
= — | x10*cms 
1.58 (= 


44. Calculation of kinetic energy 


According to gas equation, 


PV= ; Mw? for 1 mole of gas 


2 1 2 
= — X — Mwu 
or PV 7*7 
1 a. 3 
= 22 -PV =—RT 
Or 2 Mwu 5 5 
3 
So K.E. = 3 
3RT 3 
For 1 molecule the K.E. = o uH 
-— ES A — 
| R nl 
— = k (Boltzmann constant) 
(Ni | 


a. 


ez 
. 


Kinetic energy of a gas is directly proportional to its 
absolute temperature. This is known as Maxwell's 
generalisation. 


The average kinetic energy of gas molecule is 
independent of the mass of the gas molecules. 


At absolute zero, the kinetic energy of gas molecule 
becomes zero. 


According to kinetic theory of gases for 1 mole of gas, 
Boyle's law is expressed as 
op l 2 
PV = ~ Mww 
3 
where M is molecular mass of the gas and u = RMS 
velocity 


According to kinetic theory of gases for 1 mole of gas, 
Charle’s law is expressed as 


V= ga u? 
3P 
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f. According to kinetic theory of gases for | mole of gas, 
Amonton’s law is expressed as 


( dy 2 
== H 
aV 


g. Kinetic energy of 1 mole of gas = 


3 
mN u^ 


wl 


N, = Avogadro's number. 


Molecular Collisions: 


45. 


46. 


47. 


Collision diameter (0): When two molecules ofa gas come 
close to each other, a stage comes when the repulsion starts 
acting between them. The equilibrium distance between 
the centres of the molecules when they are closest to each 
other (i.e., just before the repulsion starts) is called collision 
diameter. 


Collision number (Nç). The number of collision which 
a single molecule undergoes with other molecules in one 
second is called collision number. 


No= N2nvo? NIV 
where v = average velocity 
o = molecular diameter 
N/V = number of molecules of gas per cm? 


Collision frequency (Z). The total number of collisions 
which take place in one second amongst the molecules 
present in I cm? of the gas is called collision frequency. 


Mathematically, Z = No. of collisions of single molecule 
(Nc) x No. of molecules in 1 cm? (N/V) 


As a binary collision involves two molecules. 
-. Collision frequency, 
— Nox NIV. N2nvo? NIV x NIV 
2 2 
nvo (NIVY 


V2 


2 
or 
p ler = 20? (N/V)? C 


a. On increasing temperature (7) average velocity (v) 
increases. 


b. On increasing pressure (P) number of molecules per 


cm? of gas, (n) increases. 


c. On increasing v or n, collision frequency (Z) increases. 
Therefore, Z increases on increasing T or P. 


48. 


49. 


i. At a particular temperature Z œ< p 
ii. At a particular pressure Z œ To 
iii. At a particular volume Z œ T4 


Mean free path (A): The distance travelled by a molecu 
between any two successive collisions is called free path 
The average of these distances (dj, d», d^, ... d,) is Called 
mean free path À. 
Thus, mean free path, 
_ Average distance travelled by molecule (v) 
No. of collisions (Nc) 


v l 
Nc  J2no? NIV 
where 6 = collision diameter and N/V is the number of 


molecules of the gas per unit volume. For n moles of the 
gas PV = nRT or PV = N/N,RT. 


*. Number of molecules per unit volume, 


Mathematically, À — 


P-N 
yrsa 
RT 
where Nee? Avogadro’s number 
7 1 RT 
JV2no? PN, 
Thus N= E 
P 


a. Ataconstant pressure the mean free path increases with 
increase in temperature and vice-versa. 

b. Ataconstant temperature, the mean free path increases 
with the decrease in pressure and vice-versa. 

c. Atconstant temperature and pressure, lesser the collision 
diameter, o, more is the mean free path, À. 

Molar heat capacity: It is amount of heat required to raise 

the temperature of 1 mole of a substance through 1°C 


Molar heat = Specific heat x Molar mass 


(Specific heat is amount of heat required to raise the 
temperature of 1g of a substance through 1°C) Heat capacit 
at constant volume = C, and at constant pressure = C. 


Some useful relations of C » and C , are 


i. C, - C, - R-2cal-8314J 
C 

ii. POR 
C. 2 
C 

iii. a -y 


iv. For monoatomic gas, C, = 3 calories 


v. For monoatomic gases, C» -5 =1.66 
3 


LI ^ LI C 
vi. For diatomic gases, —2 = 1.40 


y 


[c,=58 cn 


p 


—— — ÉD un 
| el. 


qu. 


T 


C 
at For triatomi ses, — = Z 
vii, For triatomic gases C 1.33 (C, — 6R, C, = 8R) 


v 


Average molecular weight of a gaseous mixture 
En, M, 


j ` 
= — — , where n, is the T 
M wis En, 1; 18 the number of moles and M, is 


the molecular weight of the component. 

Liquid state: This state is intermediate between solid state 

and gascous state as regards to interparticle forces, packing 

of particles, etc. Some characteristic properties of the liquids 
are: 

d. Evaporation: It is the spontaneous change in which 
a liquid changes into the vapours at the surface of 
the liquid. Evaporation occurs at all temperatures. 
Evaporation increases with increase in surface area, 
increase in temperature and decrease in intermolecular 
attractive forces. In contrast to evaporation boiling 
takes place only at definite temperature and it involves 
bubble formation below the surface. Evaporation 
causes cooling. 

b. Vapour pressure: It is the pressure exerted by the 
vapours of the liquid in equilibrium with its liquid at a 
given temperature. Vapour pressure ofa liquid increase 
with increase in temperature. Liquids having weak 
intermolecular attractive forces have a high tendency 
to evaporate and, therefore, have high vapour pressure. 

c. Boiling point: The temperature at which the vapour 
pressure of a liquid becomes equal to the atmospheric 
pressure is called boiling point. Boiling point ofa liquid 
increases with increase in external pressure. Liquids 
having weak attractive forces have low boiling points 
and vice versa. The temperature of a boiling liquid 
always remains constant. 

d. Surface tension: The force that acts at right angles to 
an imaginary line on unit length at the surface of the 
liquid at rest. It is expressed in J m^? or N m^. Surface 
tension of a liquid generally deceases with increase 
in temperature. It is measured by an apparatus called 
stalagmometer 

e. Coefficient of viscosity: The force in newtons per 
square meter required to maintain a difference of 
viscosity of one meter per second, between two parallel 
layers of the liquid at a distance of one meter from each 
other. It is expressed in kg m7! s™!. Liquids having 
stronger attractive forces are more viscous. 


The force of attraction between two layers of liquid each 

having area of A, separated by a distance dx and having 

velocity gradient, dv/dx is expressed as \ 
dv 


dv 
x A Z ofaná — 
fA oe orf—1] d 


Here n = coefficient of viscosity and its units are 


d 
-J da  dynexcm _ dyne cm? s = | poise 
A:dv . cm? x cms? 


I 
n fundamenta] units, 


"Uu 


| poise = 1 gem! s^! 
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. . -2 il S 
S.l. units of viscosity are Pa s or Nm~ or kg m 


i bush nit. 
Commonly used unit poise 1s one tenth of the Sm 
ow " Vi i eases 
i. Effect of temperature on viscosity: Viscosity oe cen 
with increase in temperature. The relationship be a 
coefficient of viscosity, N and absolute temperature 


E IRT 
n- Ae“ 


where A and £, are constants for a given liquid. 


ii. Effect of pressure on viscosity: Viscosity increases 


with increase in pressure. 

Liquid crystals: There are certain so 
undergo two sharp phase transformations one after the other. 
Such solid first fuse sharply yielding turbid liquids and 
then further heating to a higher temperature these sharply 
change into clear liquids. The first temperature at which 
solid changes into turbid liquid is known as transition 
point and the second temperature at which turbid liquid 
changes into clear liquid is known as melting point. Some 
substance showing liquid crystal character are: 

p-Azoxyanisole, Diethylbenzidine 


lids which when heated 


p-chloesteryl benzoate, 


etc. 
145°C 
p-Chloesteryl benzoate — — 


( Solid ) 
; BEEN 
p-Chloesteryl benzoate z————— 
( Liquid crystal) 


p-Chloesteryl benzoate 
(Liquid ) 

A liquid crystal reflects only one colour, when white light 
falls on it. If the temperature is changed it reflects different 
colour light. So such liquid crystals can be used to detect 
even small temperature changes. The liquid crystals are of 
two types: 
(i) Nematic liquid crystals (needle like) and (ii) Smectic 
liquid crystals (soap like) 
Surfactants: These are surface active agents which 
decreases the surface tension of water e.g., soaps and 
detergents. 


Trouton’ rule: The molar heat of vapourisation of a liquid 
expressed in Joules divided by the normal boiling point of 


the liquid on the absolute scale is approximately equal to 
88. 


AH 
d 88 JK-! mol! (21 cal K^! mot!) 
b 


Liquid drops are spherical due to surface tension forces. 


Guidberg's rule: According to this rule, the normal boiling 
point (7,) of the liquid is nearly two-third of its critical 


Dn-Íim 
3 6 


Fluidity: The reci . , 
procal coefficient "P 
as fluidity of the liquid. nt of viscosity is known 
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Superfluidity: Fluidity is a property by virtue of which 
liquids have a tendency to flow. Lesser the viscosity more 
is the fluidity. Certain liquids have almost no viscosity and 
therefore such liquids can act as super fluids i.e., there 1 
effectively no effective resistance to their flow. Such liquid 
when kept in a container goes uphill (i.e., defies gravity) 
and flows out of the vessel. Such a superfluid state of 
matter is sometimes referred to as another state of makter 
One such superfluid liquid is helium II—an allotropic form 
of helium. Helium I (He I) at 4.12 K is normal liquid, but 
on cooling to 2.178 K, another allotrope of helium (He In 
appears. The transition from He I to He II is accompanied 
by a sharp transition in physical properties. For example, 
He II expands on cooling, has a thermal conductivity many 
hundreds of times greater than that of copper at room 
temperature and has no viscosity under certain conditions. 
Under such conditions, He II can act as a superfluid. 


FORMULAE: 


I. 


No. of moles of gas 


Mass in gms 


_ Volume in mL 


Mol. mass 22400 


Number of molecule 
6.02 x 10* 
1 m? = 10? dm? = 106 cm? = 10 L = 10? dm? 
| atm = 76 cm Hg = 760 mm Hg = 760 torr 
= 101325 Pa or Nm"! = 10? Pa = 10? kPa 
0°C = 273 K or PC = (273 +) K 
rC= 3 (°F - 32) 
Boyle’s law equation: 


1 
V o P or PV — constant or P, V =P V; 


(at constant T and n) 


Charle’s law equation: 


V 
V e T or T — constant or VT, = VT. 


(at constant P and n) 
Pressure law (Amonto' law equation): 


F P P 
PeTor q^ constant or +1. 7 (at constant V and n) 


| 72 
Avogadro's law: 


Von 

Equation of state (ideal gas) 
PV =nRT 

Values of R: 


0.0821 L-atm K-! mol! = 8.314 x 107 ergs K^! mol”! 


=$.314 JK-1 
= 1.987 (= 2) cal K-! mo! 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


General gas equation: 
BY, _ Bs 
n N 
Kinetic gas equation: 
PY = H mNa? 
3 
van der Waal equation of state: 


2 
(p, 2 (V — nb) = nRT 
V 


Graham's law of diffusion: 


n. IL - [2 
1 N Mw d, 
Dalton's law of partial pressure: 
P=pi tp tpt] 
Partial pressure of any component (say A): 
Pa= Xa: P 
where x, is mole fraction of A and P is total pressure. 
Molar mass and density: 
PMw 
© RT 
Average kinetic energy of gas: 


K.E. = 2 er 
2 


d 


R . 
where k = W. is known as Boltzmam constant. 
A 


Root mean square velocity: 


rms a 


3RT/ Mw 
Most probable velocity: 


€ — J2RT/Mw 


Average velocity: 


v= JSRT/r1 Mw 


Relationship between velocities: 


uivia- 43: 8/m —1224:1.28:1 


Compressibility factor: 


Collision frequency: 


| 
Z= —novN? 
v2 
Mean free path: 


m E. 
J2nc?n 


» 


7 


UP 
33, 
JA 


c- aaa 


Critical temperature: 
i 8a/27 Rb 


Critical pressure: 


P s a/27b 
Critical volume: 
V-3b 


t 


Relation between critical constants: 


PV_==RT. 
C 8 € 
Bovle's temperature 


T, = a/Rb 
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28. 
29. 


30. 


31. 


C, -C,-R .. for | mole of gas 

CIC, — y — 1.66 (for monoatomic gas) 
= 1.40 (for diatomic gas) 
= |.30 (for triatomic gas) 


8.314 JK! 


R 
Boltzmann constant (K) = N.^ 6022 x 10 molecules 
A. C9 

= 1,38 JK"! molecule! 


Loschmidt number = 2.768 x 10? cm^?. (It is the number 
of molecules present in 1 cm? of a gas or vapour at STP). 


5.10 Physi i | 
ysical Chemistry The fourth state called the plasma state refers to the Su 


5.1 INTRODUCTION 


In previous chapters, we learnt about the properties of a single 
particle of matter such as atomic size, ionization enthalpy, 
electronic charge density, molecular shape and polarity. Most of 
the observable characteristics of chemical systems with which we 
are familiar represent bulk properties of matter, i.e., the properties 
associated with a collection of a large number of atoms, ions, 
or molecules. For example, an individual molecule of a liquid 
does not boil but the bulk boils. A collection of water molecules 
can make a surface wet but individual molecules cannot. Water 
can exist as ice, which is a solid. It can exist as liquid, or it can 
exist in the gaseous state as water vapour or steam. Physical 
properties of ice, water, and steam are very different. In all the 
three states, chemical composition of water remains the same, i.e., 
H,O. Characteristics of the three states of water depend on the 
energies of molecules and the manner in which water molecules 
aggregate. Same is true for other substances also. 

Chemical properties of a substance do not change with 
change in its physical state, but the rate of chemical reactions 
depends upon the physical state. Many times in calculations 
dealing with data of experiments we require knowledge of the 
states of matter. Therefore, it becomes necessary for a chemist 
to know the physical state of matter. 

Matter can be classified into three categories depending upon 
its physical states, namely, solid, liquid, and gaseous states. 


a. Solid state: The matter in solid state possesses a definite 
volume, shape, and mass. Some common examples are 
table, chair, common salt, silver, etc. 

b. Liquid state: The matter in liquid state possesses a definite 
volume and mass but no definite shape. In fact, it acquires 
the shape of the container. Some examples are milk, water, 
alcohol, etc. 

c. Gaseous state: The matter in gaseous state has neither 
definite volume nor a definite shape, but it has a definite 
mass. It acquires the shape and volume of the container. 
Some common examples are air, oxygen, hydrogen, 
sulphur dioxide, etc 


Recent research has led to the discovery of fourth and fifth 
states of matter. 


heated gaseous state consisting of a mixture of electron, Der 
positively charged ions with unusual properties. It is foun nq 
extremely high temperatures such as in the interior of sun or » at 


: aie 
in intense electrical fields such as in a discharge tube. Astron,” 
claim that 99% of all m 


atter in the universe is present in the ,,, 
plasm, 
state. 


The fifth state 
atoms lose their sep 
a single super atom. 
the Bose-Einstein con 


5.2 THREE STATES OF MATTER AND 
CONDITIONS OF TEMPERATURE 


AND PRESSURE 


Almost all substances exist in three states under appropriate 
conditions of temperature and pressure. The physical state o¢ 
a substance is largely determined by temperature and pressure 
considerations. For example, a substance is said to be 

- Solid if its melting point is above the room temperature 4 


the atmospheric pressure. 

e Liquid if its melting point is below the room temperatur: 
and its boiling point is above the room temperature. 

e Gas if its boiling point is below the room temperature at the 


atmospheric pressure. 

It has been found that in most cases, a given substance can 
be made to exist in any one of the three states under differem 
conditions of temperature and pressure. For example, water isa 
liquid under ordinary conditions of temperature and pressure, but i 
can be converted into steam (gas) at 100°C under one atmosphere 
pressure or into ice (solid) by cooling to 0°C under one atmospheric 
pressure. 

A given substance can also simultaneously exist in all the 
three states under certain specified conditions of temperature an 
pressure. For example, water exists simultaneously in all the thre 
phases, viz. ice (solid), water (liquid), and water vapour (gas). 
at its freezing point, i.e., 0°C, and 4.58 mm Hg pressure. Ths 
equilibrium condition of water is referred to as triple point. 


The important differences among the three states of matt 
namely, solid, liquid, and gas, are given in Table 5.1. 


refers to the super cooled solid state in wh; 

arate identity, get condensed, and behave i 
The study of this phenomenon is based y e 
densation (BEC) concept developed in T^ 


Table 5.1 Comparison of the characteristics of a solid, liquid, and gas 


AE T 9b ee 
k Molecules are closely packed. 


2.| Mutual forces of attraction are the 
strongest. 


3.| The density of solids is high. 


Ld aids JA Ses 
Molecules are less closely packed. 


Mutual forces of attraction are weaker 
than those in solids. 
The density of liquids is lower than that of 
solids but much higher than that of gases. 


Molecules are sufficiently apart from 


one another. 


Mutual forces of attraction are almost 
negligible. 


Gases generally have low densities. 
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able 5.1 continued... 


i 
L ositions of molecules in the 


| Mquds - | See 
Molecules of liquids have greater freedom 


Molecules of gases have large rotatory, 


4, The P : : l 
crystal lattice are fixed, and hence | of movement. They have some translatory | vibratory, and translatory motions. 
solids do not have translatory or | and rotatory motions in addition to vibratory 
rotatory motion but only possess motion. 
| . 
; ' motion. 
vibratory mo — f ER! f meu _| 
z | Molecules of solids possess least Molecules of liquids have higher energies Gas molecules are most energetic. 
energy. » ~ | than those of solids. EET BEEN | 
Gases have neither definite shape nor 


m re eee E em i E 
Solids have both definite shape and 
| definite volume. 


Liquids do not have definite shape but have 


definite volume. 


= 
| definite volume. 


7. Solids possess least compressibility 


and thermal expansion. 


solids. 


Liquids have slightly higher compressibility 
and thermal expansion than those of 


Gases possess high compressibility and | 
thermal expansion. | 


The physical state of existence of a substance at a given 
balance between the thermal energy and 
eractions. It is because both these factors affect 
which further determines the physical state. Let 
the nature and types of intermolecular forces. 


condition is 8 
intermolecular int 
molecular motion, 
ys now learn about 


53 INTERMOLECULAR FORCES 


the forces of attraction and repulsion 
les (atoms and molecules). This term 
goes not include the electrostatic forces that exist between two 
oppositely charged ions and the forces that hold atoms of a 
nolecule together, i.e., covalent bonds. 

Attractive intermolecular forces are known as van der Waals 
forces, in honour of Dutch scientist Johannes van der Waals 
(1837-1923), who explained the deviation of real gases from the 
ideal behaviour through these forces. We will learn about this 
iater in this chapter. van der Waals forces vary considerably in 
magnitude and include dispersion forces or London forces, dipole- 
dipole forces, and dipole-induced dipole forces. A particularly 
srong type of dipole-dipole interaction is hydrogen bonding. 
Only a few elements can participate in hydrogen bond formation; 
therefore, it is treated as a separate category. 

At this point, it is important to note that attractive forces 
tween an ion and a dipole are known as ion-dipole forces and 
ion induced dipoles, these are not van der Waals forces. 


intermolecular forces are 
between interacting partic 


5.3.1 DISPERSION FORCES OR LONDON FORCES 


Dispersion forces are interparticle forces among the monatomic 
or non-polar molecules such as N,, He, CO,, etc. 

Atoms and non-polar molecules are electrically symmetrical 
and have no dipole moment because their electronic charge 
cloud is symmetrically distributed. But a dipole may develop 
ua even in such atoms and molecules. This can be 
» Spes from the following illustration. Suppose we have two 
it me B in the close vicinity of each other [Fig. 5.1 (a)]. 
d sd 7 appen that electronic charge distribution in one of 
ie ae - say A, becomes momentarily unsymmetrical, i.e., 
Fig. s T cloud is more on one side than the other 
dipole : : ad This results in the development of instantaneous 

e atom A for a very short time. This instantaneous or 


transient dipole distorts the electron density of the other atom B, 
which is close to it, and as a consequence a dipole is induced in 
the atom B. 

The temporary dipoles of atoms A and B attract each other. 
Similarly, temporary dipoles are induced in molecules also. This 
force of attraction was first proposed by the German physicist 
Fritz London, and for this reason the force of attraction between 
two temporary dipoles is known as London force. 


l Atom A Atom B 
Symmetrical distribution of electronic charge cloud 


Atom B with 
induced dipole 


Atom A with 
instantaneous dipole has 
more electron density 
on the right-hand side 


Atom B with 
induced dipole 


Atom A has 
more electron 
density on the left- 
hand side 


(c) 


Fig. 5.1 Dispersion forces or London forces between two atoms 


Another name of this force is dispersion force. These forces 
are always attractive. In these forces, the interaction energy is 


inversely proportional to the sixth power of the distance between 
two interacting particles (1.e., 1/r5, where r is the distance between 
two particles). These forces are important only at short distances 


|| 
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(~ 500 pm), and their magnitude depends on the polarisability o 


the particle. — 
The strength of these forces depends upon the following 


factors: | 

a. Molecular size (molar mass)—Molecules having larger 
size or molar mass have higher magnitude of London forces. 

b. Number of electrons—Molecules with higher number of 

electrons have higher magnitude of London forces compared 

to molecules with lesser number of electrons. 

Surface area of molecule—With an increase in surface area, 

the strength of London forces also increases. 

For example, boiling point increases from CH, to GeH,, 

ie.. CH, (112 K) < SiH, (161 K) < GeH, (183 K). 

e Molecular mass and number of electron increase 

e Intermolecular forces increase 


e Boiling points increase 


5.3.2 DIPOLE—DIPOLE FORCES 


Dipole-dipole forces act among molecules possessing permanent 
dipole. Ends of dipoles possess ‘partial charges’ and these 
charges are shown by Greek letter delta (5). Partial charges are 
always less than the unit electronic charge (1.6 x 107!9 C). Polar 
molecules interact with neighbouring molecules. Fig. 5.2(a) shows 
electron cloud distribution in the dipole of hydrogen chloride, 
and Fig. 5.2(b) shows dipole-dipole interaction between two HC] 
molecules. This interaction is stronger than the London forces but 
is weaker than the ion-ion interaction because only partial charges 
are involved. The attractive forces decrease with an increase in 
distance between the dipoles. As in the above case, the interaction 
energy is inversely proportional to the distance between two 
polar molecules. Dipole-dipole interaction energy between two 
Stationary polar molecules (as in solids) is proportional to 1/7? and 
that between two rotating polar molecules is 


c. 


More charge density 
towards chlorine 
(a) 


" — 
4 6 


Fig. 5.2. (a) Distribution of electron cloud in HCl, a polar molecule 

(b) Dipole-dípole interaction between two HCl molecules 
Proportional to 1/r ^, where r is the distance between the two 
molecules. Besides dipole-dipole interaction, polar molecules can 
also interact by London forces. The cumulative effect is that tota] 
intermolecular forces in polar molecules increase. 


5.3.3 DIPOLE-INDUCED DIPOLE FORCES 


This type of attractive forces operate between polar molecules 
having permanent dipole (u > 0) and molecules lacking permanent 
dipole (u = 0). Permanent dipole of a polar molecule induces 


a dipole on the electrically neutral molecule by deforming its 


clectronic cloud (Fig. 5.3). Thus an induced dipole is develo 


in the other molecule. In this case also, interaction ener «d 
proportional to 1/75, where r is the distance between two m dla 
Induced dipole moment depends upon the dipole moment Pres, : 
in the permanent dipole and the polarisability of the electric. 
neutral molecule. | y 

As the size of molecule/atom increases, 1t can be casi 


polarised. l 
High polarisability increases the strength of attractiy, 


© 


Non-polar molecule 


interactions. 


Permanent dipole 
(a polar molecule) 


Induced dipole in 
a non-polar molecule 


Permanent dipole 
(a polar molecule) 


Fig. 5.3  Dipole-induced dipole interaction between permanent dipole ang 
induced dipole 
In this case also, the cumulative effect of dispersion forces and 
dipole-induced dipole interactions exists. The existence of these 
forces was studied by Debye (1920), and this effect was termed 
induction effect. | 


5.3.4 HYDROGEN BONDS 
Thisisaspecialtypeofdipole-dipole interaction operating between 
molecules in which hydrogen atom is covalently bonded to a highly 
electronegative atom such as nitrogen (N), oxygen (O), or fluorine 
(F). Although hydrogen bonding is regarded as being limited to N. 
O, and F, but species such as CI- may also participate in hydrogen 
bonding. In the highly polar N—H, O—H or HF bond, the boné 
pair of electrons forming covalent bond is displaced towards the 
electronegative atom, i.e., N, O, or F. When the solitary electron of 
H atom lies away, it behaves almost as a paired proton and exerts 
strong electrostatic force of attraction on the electronegative atom 
of the other molecule in vicinity. i 


! The rg of hydrogen bond varies between 10 and 
kJ mol, This is a significant amount of enerev; therefore. 
ydrogen bonds are powerful forces in determining the structure ané 
e of many compounds such as proteins and nucleic acids. 
€ strength of hydrogen bond is determined by the coulombic 
T i : : 
| : d between the lone-pair electrons of the electronegative 
: 2 » as molecule and the hydrogen atom of the other molecule. 
O A P S ^ y i ^ 

owing diagram shows the formation of hydrogen bond. 

St ò d d 

H— F --H—F 

(H-bonding in hydrogen fluoride) 

Repulsive interaction be 


l tween molecules/atoms: Inte" 
molecular forces 


also exert Mi so far are all attractive. Molecules 
eve Jorces on one another. When two molecules 

are brought into contact, repulsion between their electron clou? 
" 2 as between their nuclei comes into play. The magnitud 
cs das Nia the dine spat t® 
hard to compr ses. This is the reason why liquids and solids 
Press. In these States, molecules are already in clos? 


uU 
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ee " m -— 
"t therefore, they resist further compression as that would 


„ulitin an increase in repulsive interactions. 
re 


;4 THERMAL ENERGY 


ermal energy is the energy of a body arising from the motion of 
as atoms OF molecules. It is directly proportional to the temperature 
of the substance. It is the measure of the average kinetic energy of 
the particles of Tester and is thus responsible for the movement 
of particles This movement of particles is called thermal motion. 


5.4.1 INTERMOLECULAR FORCES AND THERMAL 
ENERGY 


We have already learnt that intermolecular forces tend to keep 
molecules together but thermal energy tends to keep them 
apart. Three states of matter are the result of balance between 
intermolecular forces and the thermal energy of the molecules. 
In the gaseous state, molecular interactions are very weak. 
Gas molecules do not cling together as in liquids or solids 
unless the thermal energy of the gas is reduced by lowering its 
temperature. A decrease in thermal energy causes molecules to 
come close, and they gradually develop intermolecular attraction 
‘ill the gas condenses first into liquid and finally into solid. Gases 
do not liquefy only on compression, although molecules come 
very close to each other and intermolecular forces operate to the 
maximum. However, by reducing the thermal energy of molecules 
by lowering the temperature, gases can be very easily liquefied. 
In the liquid state, a fine balance exists between attractive 
forces and thermal energy. As a result, molecules can break away 
from one another and at the same time get attracted to other 
molecules. An increase in temperature results in an increase in 
thermal energy, and ultimately a stage reaches when the molecules 
fall apart and behave almost as independent entities. This stage 
is referred to as gaseous state. On the other hand, a decrease in 
temperature decreases thermal energy. On further compression, the 
intermolecular interaction increases. At this stage, the molecules 
of liquid cling closely and this stage is referred to as solid state. 
In the solid state, molecular interactions are very strong, 
but the molecular motion is restricted to oscillatory or vibratory 
movement about their mean position. The molecules possess low 
thermal energy and, therefore, cannot break molecules free from 
mutual attraction. When we heat a solid, thermal energy gradually 
increases, which weakens the intermolecular forces and causes 
them to move apart. When the average distance between the 
molecules increases beyond 1077 cm, the solid melts into liquid. 
Further rise in temperature results in further increase in thermal 
energy, which further weakens the intermolecular forces and causes 
them to move apart and results in gaseous state. 
Predominance of thermal energy and the molecular interaction 
energy of a substance in three states is depicted as follows: 


Gas ———> Liquid —— > Solid 


Predominance of intermolecular interactions 


| Gas «———— Liquid €— — — Solid 


Predominance of thermal energy 


Fig. 
9 5.6 Predominance of intermolecular interactions and thermal energy 


| 


5.5 GASEOUS STATE - 


In all the three states of matter, the gascous state is the simplest 
state of matter. Throughout our life we remain immersed in the 
ocean of air which is a mixture of gases. The thick blanket of air 
surrounding the earth is called atmosphere. We spend our life in 
the lowermost layer of the atmosphere called troposphere. The 
atmosphere is very vital for our life as it shields us from harmful 
radiations and contains substances such as dioxygen, dinitrogen, 
carbon dioxide, water vapour, etc. 


Molecules of various gases present in the atmosphere are 
under the constant pull of the gravitational force of the earth. As 
a result, the atmosphere is dense near the surface of the earth than 
on high altitudes. 

The gaseous state is characterised by the following physical 
properties: 

* Gases are highly compressible. 

* Gases exert pressure equally in all directions. 

* Gases have much lower density than solids and liquids. 


* Gases do not have fixed volume and shape. They acquire 
the shape and volume of the container. 


- Gases mix evenly and completely in all proportions without 
any mechanical aid. 


It is interesting to note that of the all known elements only 
1l elements exist in gaseous state under normal condition of 
temperature (25?C) and pressure (1 bar). These are given in 
Fig. 5.5. 


Fig. 5.5 Eleven elements that exist as gases 


Simplicity of gases is due to the fact that the forces of 
interaction between their molecules are negligible. Their behaviour 
is governed by same general laws discovered as a result of 
experimental studies. These laws are relationships between 
measurable properties of gases. Some of these properties such 
as pressure, volume, temperature, and mass are very important 
because relationships between these variables describe the state of 
the gas. Interdependence of these variables leads to the formulation 
of gas laws. 


Before we take up the detailed study of gas laws, let us look 


into some of these measurable properties of gases such as mass, 
volume, pressure, and temperature. 
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5.5.1 MEASURABLE PROPERTIES OF GASES 

The state of a gas is described by the relationship of variables such 
as mass, volume, temperature, and pressure. These are important 
measurable properties. 

a. Mass: The mass ofa gas can be experimentally determined 
by weighing the container containing the gas and then taking 
the weight of the empty container. The difference in the two 
weights gives the mass of the gas. The amount of the gas 
can be expressed in terms of its number of moles by using 
the following relationship: 

Mass in gram 
Molar mass 
b. Volume: As a gas fills the whole of the vessel in which it is put, 
the volume of the gas is equal to the volume of the container, 
which can be calculated from the dimensions of the container. 

The SI unit of volume is m°, but this is a big unit. Hence, 

the units commonly used are cm? or dm?. The units 

millilitre and litre are also continued to be used, generally 
in expressing volumes of liquids and solutions. These units 
are inter-related as follows: 
1 m? = 10? dm? = 10° cm? 
1 mL = 1 cm? 
1L 7 10? en? = 1 dm? 

c. Pressure: Gases exert outward force on the walls of the 
container in which they are enclosed. The outward force 
experienced by the walls is due to the bombardment of gas 


molecules on them. This outward force per unit area of the 
walls is termed as gas pressure. 


Number of moles = 


Units of gas pressure: Pressure is force per unit area. 


Force 
Pressure = 

Area 
By definition, 


Force = Mass x Acceleration 


_ Mass x Velocity Mass x Distance kg xm 


Time Time x Time SxS 
Thus, the SJ unit of force is kg m s ? which is called newton 
(N). 
I N=] kgms? 
Putting SI units of force (N) and area (m ?), we get the SI 
unit of pressure as N/m? or N m?. This SI unit of pressure 
is called pascal (Pa) in the honour of French mathematician 
and physicist Blaise Pascal. 
| Pa= 1 Nm? 
Now, 1000 Pa = | kilo pascal, abbreviated as kPa. 
For gases, this unit of pressure is very small, Hence, pressure 
is generally expressed in terms of a bigger unit called bar., 
One bar represents 100 kilo pascal. Thus 
1 bar = 100 kPa = 10° Pa 


It may be noted that the older unit of pressure was 
atmosphere which is abbreviated as atm. The relationship 
between these units is as follows: 


1 atm = 1.01325 bar = 1.01325 x 10° Pa 


or | bar = 0.987 atm 


Atmospheric pressure: The force experienced b 
area of the earth exposed to the atmosphere is equa] A hy 
weight of column of air above it. This force per unit th 
of the earth is called atmospheric pressure. The s 
atmospheric pressure varies with the location of the » of 
temperature, and weather conditions. It may be noted "i 
we do not feel the pressure exerted by the atmos ; at 
because we are physiologically well adopted to it iusi it 
a fish keeps moving freely under the pressure of Water x 
Measurement of atmospheric pressure: The atmospher; 
pressure can be measured bya simple device called barometer 
A simple barometer can be made by filling mercury in ' 
tube (longer than 76 cm) closed at one end and inverting : 
in an open vessel containing mercury. The mercury level 
in the tube adjusts itself and stands approximately 76 cm 
above the level of mercury in the open vessel. 

The weight of the mercury column held in the tube gives 
a measure of the atmospheric pressure. The height of the 
column decreases when the pressure of the atmosphere 
decreases, whereas the height of the column increases with 
on increase in the atmospheric pressure. 


Vacuum 


h = 76 cm = 760 mm 


Atmospheric 
pressure 


Fig. 5.6 A mercury barometer 
The atmospheric pressure P can be mathematically 
calculated as follows: 


Downward force of Hg column 
Area of cross section of Hg column 


P= 


Mass of Hg column 
- x Acceleration due to gravity mg 
. ^ neeeteralion duetogravity— — M'S 


Area of cross section of Hg column <4 
Now, mass of Hg column (m)= Volume x Density 
= Area x Height x Density 
=axhxd 
l'hus, pressure, 
p- axhxdxg 
2 = hdg 


a 


the Hg column gives the value of the atmospheric pressure, 
According to an international agreement, a standard 
atmospheric pressure (1 atm) is the pressure exerted by 
exactly 76 em of mercury column at 0°C (273.15 K) 
measured at sea level where standard gravity is 9. i ms? 
with the density of mercury being 13.596 g cnr. It is 


exactly equal to 760 mm Hg. The unit mm Hg isa "i called 


torr. atter the name of Italian scientist Evangelista Torricelli 
who invented barometer. In short, 


1 atm = 76.0 cm of mercury 
= 760 mm of mercury = 760 torr 


The numerical value of 1 pressure can be calculated as 
follows: 


P- hde 
= (0.76 m) (13.596 x 10? kg mr) (9.806 m s?) 
= 101325 kg nr! s? or 101325 N m? 
— 101323 pascal (Pa) 
= 101.325 kilopascal (kPa) 
In brief: 
0.987 atm = 1 bar = 10? Pa = 100 kPa = 14.509 psi 
Measurement of gas pressure: Pressures other 
than atmospheric pressure are measured by device 


called manometer. There are two types of manometer: 
open-end and closed-end manometers. 


i Open-end manometer: It consists of a U-tube partially 
filled with mercury. One limb of the tube is shorter than 
the other limb. The shorter limb is connected to a vessel 
containing gas, whereas the longer limb is open as shown 
in Fig. 5.7. The mercury in the longer tube is subjected 
to the atmospheric pressure, while the mercury in the 
shorter tube is subjected to the pressure of the gas. 


Fig. 5.7 Measurement of gas pressure 
There are three possibilities described as follows: 
1. If the level of Hg in the two limbs is same, 
gas pressure (P45) = atmospheric pressure (P) 
2. If the level of Hg i in the longer limb is higher, 
gas pressure Pa Pus difference between the 
two levels) 
= Pai +P, 
3. If the level of Hg in the shorter limb is higher, 
gas pressure (P,,,,.) = P m~ (difference between the 
two levels) 


As the ‘density of mereury (d) and m acceleration due to 7 
gravity (2) remain constant, measurement of the length of 
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ii. Closed-end manometer: It is generally used to measure 


low gas pressures, It also consists of a U-tube with one 
limb shorter than the other and partially filled with 
mercury, as shown in Fig. 5.8. The space above the 
mercury at the closed end is completely evacuated. The 
shorter limb is connected to a vessel containing gas. The 
gas exerts pressure on the mercury in the shorter limb 


and forces its level down. 
Gas pressure (P) = (difference in the Hg level in 


the two limbs) 


gas 
or tm =P, 

It may be noted that an open-end manometer is better 
for measuring pressures equal to or greater than the 
atmospheric pressure. On the other hand, closed-end 
manometer is suited to measure pressures below the 
atmospheric pressure. 


CoH 


Fig. 5.8 Closed-end manometer 


d. Temperature: In general, temperature may be defined as the 


degree of hotness. Temperature can be measured in terms 
of the effect that its change produces on other measurable 
properties such as expansion of objects. Expansion of 
mercury is commonly used for the measurement of 
temperature. One of the common temperature measuring 
devices is a thermometer. It has a mercury column in a thin 
capillary tube. The length of the mercury column changes 
with a change in temperature. 


Various Temperature Scales 


e Celsius scale of temperature (°C): This is the most 
common scale of temperature, which was earlier known 
as the centigrade scale. In this scale, at one atmospheric 
pressure the melting point of ice is 0°C, whereas the 


boiling point of water is 100°C. The range between these 
two points has been divided into hundred equal parts. 


Each division corresponds to one degree in the Celsius 
scale. As the zero in the Celsius scale is arbitrarily fixed, it 
is possible to have temperature below the freezing point. 
It may appear that the Celsius scale can be extended 
to negative temperature indefinitely, but experimental 
behaviour of gases shows that a temperature below 
—273.159C is impossible to be attained. 


Kelvin scale of temperature (K): This scale of 
temperature is quite significant and is very useful 
for scientific work, which can be justified by 
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thermodynamic arguments. It is, therefore, pus cy 
the thermodynamic scale ae pol ds 

it of temperature. 1 ne ^ 

verbaut equal io ti lowest possible Sas A 
(-273.15°0) and is known as the absolute a ( Hs 
temperature in Celsius scale can be converte’ in : e 
in Kelvin scale by adding 273.15 (or 273 for the sake 
simplicity) to it. 
K = °C + 273.15 

e Farenheit scale (°F): This scale is based on taking the 
freezing point of water at | atm pressure as 32°F and 
the boiling point of water at 212°F. The entire range 15 


divided into 180 equal parts. 
Thus. 100 Celsius degrees = 180 Farenheit degrees 


The relationship between Celsius and Farenheit scales is 
F= (e 32 
oC = rll — 32) and °F = s C) + 


A comparison between the three scales is given in 


Fig. 5.9. 
373.15 K 100°C | 212?F 
K H25?C 77°F 
K H 0°C 32°F 
K H-40?C —40?F 
Absolute 
=273.15° C —459.67?F 
Kelvin Celsius Farenheit 
scale (K) scale (°C) scale (^F) 


Fig. 5.9 Comparison of Kelvin, Celsius, and Farenheit scales of temperature 


5.6 GAS LAWS 


The gas laws are the result of extensive research on the physical 
properties of gases carried out by various scientists for several 
centuries. 


5.6.1 BovLE's LAW (PRESSURE-VOLUME 
RELATIONSHIP) 


The first quantitative relationship between the volume and pressure 
of a gas was studied experimentally by Robert Boyle in 1662. This 
law describes the pressure—volume relationship of gases at constant 
temperature. The law states that the volume of a fixed mass of gas 
is inversely proportional to its pressure at constant temperature. 

The law can be demonstrated by a simple experiment as 
described below. A U-shape tube is filled partially with mercury 
as shown in Fig. 5.10. The pressure inside is increased by putting 
more mercury into the open Jimb. The volume of air enclosed in 
the space above the mercury in the shorter Jimb is noted each time. 
It is found that as pressure increases, the volume of enclosed air 
gradually decreases. 


Atmospheric 


(Cias Pressure 
pressure in^ Pressure 


la f I, 


Mercury 
Fig. 5.10 Demonstration of Boyle’s Law 


MATHEMATICAL INTERPRETATION OF THE LAW 
Mathematically, the law may be expressed as 


| ; , 
Po 7 (at constant temperature and mass) Ai 


J 
or P= K n "iij 


where K is the proportionality constant. The value of K depen; 
upon the amount of gas, temperature of the gas, and the units ir 
which P and V are expressed. On rearranging Eq. (ii), we get 

PV= K » Ati) 

It means that at a constant temperature, the product of the 
pressure and volume of a fixed amount of gas is constant. 

If a fixed amount of gas at constant temperature 7 occupying 
volume V; at pressure P, undergoes expansion so that the volume 
becomes V, and the pressure becomes P», then according to Boyle'; 
law 


PV, = P,V, = constant (T and n are constants) 


P V 

The law can be experimentally verified by measuring the 
volumes of a given mass of gas at different pressures keeping the 
temperature constant. In each case, the product PV is found to be 
constant. 

The values of pressures and volumes of a fixed mass 
(0.19 mol) of CO, at constant temperature 300 K are given in 
Table 5.2 
Table 5.2 Effect of pressure on the volume of 0.09 mol of CO; 

gas at 300 K 


pV(10? Pa m?) 


Volume 
(10? m?) 


Pressure 


MEGLIO 


22.40 

| 22.30 
22.47 
22.50 
2244 —— 
22.48 
NT | | | 2240 
GRAPHICAL REPRESENTATION OF BOYLE'S LAW 


rhe law can also be illustrated by means of pressure-volu™ 
curves as shown in Fig. 5.11 


"V 


ag, SLUG shows the plot o£ V vs P at à particular 
i iemperature, lt shows that as P increases, 7 deerenses, ^ 
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log P 


lgY—» 
Fig. 5.12(b) Graph of log P vs log V 


V(L)— 


P (at) ——3 1 
Fig. 5.11(a) Plot of V against 
y, Fig. 5.11) shows the plot of PV vs P at a particular 
temperature. It indicates that PV’ values remain constant 
in spite of à regular increase in P, The curve obtained 
by plotting PV against P at a particular temperature is - , 
called isotherm. The higher curve corresponds to higher PRACTICAL IMPORTANCE OF BOYLE S LAW 
temperature. The Boyle’s law expresses in quantities an important experimental 
fact that gases are compressible, When a given mass of gas Is 
T, » T, | compressed, the same number of molecules occupy a smaller 
- space, This means that thc gas becomes denser at a higher pressure. 
| For example, air at the sca level is denser because it is compressed 
by the mass of air above it. However, density and pressure decrease 
| with an increase in altitude. The atmospheric pressure at Mount 
Everest is only about 0.5 atm. The decrease in pressure at high 
Kaun) altitudes causes altitude sickness (sluggish feeling, headache, etc.) 
due to a decrease in the oxygen intake in each breath. 
The inside of jet airplanes, which normally fly at a height of 
about 10000 m, is specially maintained at normal pressure. The 
planes are also equipped with ‘emergency oxygen supply in case 


| the pressure falls. 
1.0 A relationship can be obtained between the density and 
s 0.8 pressure of a gas by using Boyle's law as follows: 
= 06 By definition, density d is related to mass m and volume V 
a 0.4 by the relation d= m/V. If we put the value of V from Boyle’s law 
02 equation in this equation, we obtain the following relationship: 


0 10 20 30 40 50 m 
V/V (L7!) 4- (P) r-xp 
Fig. 5.11(c) Plot of P against 1/V 
d. Fig. 5.11(d) gives P-V isotherm at different temperature. 


Fig. 5.12(c) Graph of P vs PY 


PV (atm L) — 


ji 
fi 


Fig. 5.11 (b) Plot of PV against P 
c. Fig. 5.11(c) gives the variation of P against 1/V. The straight 
line indicates that 1/V regularly increases with an increase 
inP. 


This shows that at a constant temperature, pressure is directly 
proportional to the density of a fixed mass of the gas. 


ILLUSTI 


A balloon is filled with hydrogen at room temperature. It will 
A NS zn burst if pressure exceeds 0.2 bar. If at I bar pressure, the gas 
m occupies 2.27 L volume, up to what volume can the balloon be 
NX 200 expanded" 
0 V (dm?) — 


According to Boyle's law, P,V, = PV, 


Fig. 5.11(d t — i 
(d) Graph of P vs V of a gas at different temperatures If P, is | bar, V, will be 2.27 L. 


Following are some other curves for Boyle's law. 


^ If P, = 0.2 bar, then 
PV I bar x 2.27 L 
Pid m jou Au, 220 e EST. 


^ P 0.2 bar 


Since the balloon bursts at 0.2 bar pressure, the volume of 


the balloon should be less than 11.35 L. 
P—> 


Fig. 5.12(a) Graph of P/d vs P 


es 
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A manometer is connected to a gas containing bulb. The open 
arm reads 40.0 em where as the arm connected to the bulb reads 
15.0 em. If barometric pressure is 74.0 cm Hg, then what is the 
pressure of gas in bar? 
(Sol. | Ditterence in mercury levels of two arms = 40.0 — 15.0 
= 25.0 cm 
Since level of Hg in the „limb connected to gas bulb is lower 
than that in open limb, this means that gas pressure is more 
than the atmospheric pressure. 


ede oe m 


. Gas pressure = en Hg levels 


= 74.0 cm + 25.0 cm = 99.0 cm 
99.0 x 1.01325 
p——————— b 
76 
= 1.319 bar 


At fixed temperature and 600 mm pressure, the density of a gas 
is 42. At the same temperature and 700 mm pressure, what is 
the density of the gas? 


[Sol According to Boyle's law, 


€ 


99.0 
or — atmo 
76 


l 
Pa F (at constant temperature) 


Mass (m) 


Density (D) = Volume (7) 


Or Dx. 


Given P, = 600, D, = 42, P, = 700 
|. 700x 42 .— 

? 600 
Hence, the density of the gas is 49. 


49 


5 g of He at 27°C is subjected to a pressure change from 0.5 
atm to 2 atm. The initial volume of the gas is 10 dm?. Calculate 
the change in volume of the gas. 
‘Sol. Given that P, = 0.5 atm, P; = 2 atm, V, = 10 dm?, V, =? 
Using Boyle’s relationship P, V, = P,V,, we get 
BY, O5x 10 
2— P, IEEE. 


= 2.5 dm? 


Hence change in volume 
AV=V,-V,=10-2.5 =7.5 dm? 


Among the plots of P vs V given below, which one 


Corre; 
to Boyle’s law? ‘Pond, 

^ t 
P P 

a. f b. n> 

NSO) According to Boyle’s law, 

V oc i 

P 


or PV = K (constant) 
Hence, the plot of P vs V will be 


^ 


P 


So, the answer is (b). 


v 
a, uy 


ILLUSTRATION 5.6) 
Draw a graph of log P and log (1/V) for a fixed amount of gas 
at constant temperature. 
_ According to Boyle's law, P = K/V. Taking log of both 
sides, we get 


log P= log (1/V) + log k 


Comparing it to y = mx + c, we find that the graph of 
log P vs log 1/V should be a straight line with slope equal 
to k, i.e., 


Slope = log k 
log P 


i.e., log (1/V) —» 


What is the volume of a sample of oxygen at a pressure of 3.5 
bar if its volume at 1 bar is 3.15 L at the same temperature? 


a) Here, P, = 1 bar, P, = 3.5 bar, yo-345L,F,-7 
From Boyle's law equation P\V, = P,V,, we get 
PV, _ 1.00 bar x 3.15 L 
V, SF ——————————— 
P, 3.5 bar 


A gas occupies a volume of 2.5 L at 9 x 105 N m. Cus 
the additional pressure required to decrease the volume of 
gas to 1.5 L, keeping temperature constant. 


= 0.90L 


a 


y,=25 LLL 
From Boyle's law equation PT = PV. we get 
PV, 90x ION m` x25 


SL 

— - —————— kt - c ` 

PEU LSL = 15x ION m? 
The additional pressure required is 


15 x 10N m~ -9 x 10° N m= 6 x 10S N m2 


A vessel of 120 mL capacity contains a certain mass of gas at 
20°C and 750 mm pressure. The gas was transferred to a vessel 


whose volume is 180 mL. Calculate the pressure of the gas at 
20°C. 


Since a gas completely fills the vessel in which it is kept, 
we have 


V, 7120 mL, V, = 180 mL 
P, - i50 mm, P, -? mm 
Since the temperature remains constant, by applying Boyle's 
law. we get 
PV, = P, 
Substituting the corresponding values, we have 
750 x 120 = P, x 180 
750 x120 


= 500 mm 
180 


or P, = 


Therefore. the pressure of the gas is 500 mm. 


103 mL of carbon dioxide was collected at 27°C and 763 mm 


pressure. What will be its volume if the pressure is changed to 
721 mm at the same temperature? 


Se. Given conditions Final conditions 
V. = ]03mL V5 =? mL 
P, =750 mm P,=721 mm 


By applying Boyle’s law since temperature is constant, 
P, x ^ = P, x V, 

Substituting the corresponding values, we have 

721 x V, = 763 x 103 


763 
or V, = SOS = 109 mL 


Therefore, the volume of carbon dioxide is 109 mL. 


5.6.2 CHARLES’ LAW (TEMPERATURE-VOLUME 
RELATIONSHIP) 


is law describes the relationship between the volume and 
Perature of a gas at constant pressure. It was put forward by 


5h 
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Vreneh chemist Jacques Charles in 1767 and was further developed 

in 1802 by Joseph Gay-Lussac, This law can be stated as follows: 

The volume of a given mass of yas Increases or decreases 

by 1/273 of its volume at 09C for each degree rise or fall of 
temperature, provided pressure and mass Is kept constant 


Thus, if the volumes of a gas at 0"C and /^C are V, and V, 
respectively, then 


A" f / 273.45 +1 
V t V 4 ——— V, ta V, | M ———-— ) V, ( d ERES GE 
"o Gis 9 273.15 "^ 27145 


At this stage, we define a new scale of temperature such that 
MC on the new scale is given by T= 273.15 + ( and 0°C is given 
by T, = 273.15. This new temperature scale is called the Kelvin 
temperature scale or absolute temperature scale. 
Absolute scale of temperature: By carrying out similar 
calculations, it can be shown that the volume of the gas below 


0°C will be less than V4. For example, the volume of the gas at 
—t°C is given by 


t 
^ni 
t M 273 


Thus, a decrease in temperature results in a decrease in the 
volume of the gas, and ultimately the volume becomes zero at 
—273°C. It means that any further lowering of temperature is 
impossible because it will correspond to negative volume, which 
is meaningless. Hence, an important conclusion can be drawn 
from the above discussion that the lowest possible temperature is 
— 273°C. This lowest possible temperature at which all gases are 
supposed to occupy zero volume is called absolute zero. A scale 
of temperature based upon this choice of zero is called absolute 
scale of temperature. Since this scale was suggested by British 
scientist Lord Kelvin, it is also known after his name as Kelvin 
scale of temperature. 

Careful measurements have revealed that the absolute zero of 
temperature is —-273.15°C. Temperatures in Kelvin are indicated by 
writing the letter K. By convention, the degree sign (°) is not used 
in expressing temperatures in Kelvin. For example, —273.15°C = 
OK 


The relationship between Kelvin and Celsius scales is 
T= t+ 273.15 
where T is the temperature in Kelvin and t is the temperature in 
the Celsius. While solving numerical problems, a temperature in 
Celsius scale is converted into Kelvin scale by adding 273 instead 
of 273.15 for the sake of simplicity. 

It is worthwhile to mention here that our conclusion that 
gases occupy zero volume at 0 K cannot be realised in actual 
practice because all gases condense to liquids and solids 
before this temperature is reached. However, the Kelvin scale 
is quite significant for scientific work and can be justified by 
thermodynamic arguments. For this reason, it is sometimes called 
the thermodynamic scale of temperature. 

Alternative statement of Charles’ law: We have already derived 


the relationship between the volume of a given mass of gas at °C 
(V) and that at 0°C (V9). 


í 273-1) T 
rene) 
Ct ag) 0993) "T 


where T is the corresponding temperature on the Kelvin scale. 
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n h 
T, 0 
V 
T^ constant (at constant P and 1) 
or V c T (at constant P and n) 
=> V=KT 


Here K is a constant whose value depends upon the pressure 
of the gas, the amount of the gas, and the units of volume (V). 
Thus, Charles? law may be stated in an alternate way as 
follows: 
The volume of a given mass of gas at constant pressure is 
directly proportional to its temperature on the Kelvin Scale. 
Let V} be the volume of a certain mass of gas at temperature 
T, and pressure P. If the temperature is changed to T, keeping 
pressure constant, the volume changes to V,. The relationship 
among the four variables V’,, T}, Va, and T, is 


nk 
T, T, 
The law can be experimentally verified by measuring the volumes 


ofthe given mass of gas at different temperatures keeping the pressure 
constant. In each case, the ratio V/T is found to be constant. 


The volume-temperature data for 1 mol of N, at 1 bar pressure 
is given in Table 5.3. 
Table 5.3 Volume-temperature data for N, at 1 bar pressure 


(pressure and mass constant) 


GRAPHICAL REPRESENTATION OF CHARLES' LAW 

Charles found that for all gases, at any given pressure, the graph 
of volume versus temperature (in Celsius) is a straight line and on 
extending to zero volume, each line intercepts the temperature axis 
at —273.15°C. The slopes of lines obtained at different pressure 
are different, but at zero volume, all lines meet the temperature 
axis at -273.15°C [Fig. 5.13(a)]. 


P 
P3 
oo 
P4 
ZZ 


Volume —> 


—300 -200 -100 0 100 
Temperature (°C) —» 


Fig. 5.13(a) Volume vs temperature (°C) graph 


[4 


gr 

L 0 0 100 200(C 
573-200 - 10 ic 
273-299 -173 205 3B 473 (Kj 


Fig. 5.13(b) A plot of volume versus temperature 

Each line in the volume versus temperature graph is call 
an isobar. 

We can see that the volume of a gas at -273. 15°C will be zey 
This means that the gas will not exist. In fact al] gases get liquet, 
before this temperature is reached. The lowest hypothetical g 
imaginary temperature at which gases are supposed to occupy 
zero volume is called absolute zero. 

Fig. 5.14 shows some more graphical representations verifying 


Charles law. 


V —> 


log T —> 


I —> 
Fig. 5.14(a) Plot of V vs 1/T 


Fig. 5.14(b) Plot of log V vs logT 


t 


V/T 


T —> 
Fig. 5.14(c) Plot of V/T vs T 


PRACTICAL IMPORTANCE OF CHARLES’ LAW 

The use of hot air balloons in sports and for meteorologica 
observations is an interesting application of Charles’ law. 
According to Charles’ law, gases expand on heating. Sincè the 
mass of a gas is unchanged, larger volume corresponds to lowe! 
density. Thus, hot air is less dense than cold air. This causes he! 
air balloons to rise by displacing cooler air of the atmosphere 


All gases obey Charles’ law at very low pressure and high 
temperature. 


i'i? TUNES A 
ILLUSTRATION 5.1 1 


A gas at 300 K is compressed to reduce its volume to half o! 


its volume, At what temperature, will it become double d 
initial volume? 


Let initial volume V|- Vat300K 


> 
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see 


V 
Final volume V, = > at 7, temperature 


Then according to Charles’ law, 


ee! 
l T; 
V 
V, x T, B uon 
ane typ 70K 


Hence, the final temperature is 150 K. 


4 
awe IN 


Ona ship sailing in Pacific ocean where temperature is 23.4°C, a 
balloon is filled with 2 L air. What will be the volume of balloon 
when the ship reaches Indian ocean where temperature is 26.1°C. 


‘Sol. According to Charles’ law 


y,=2L,V,=? 
T,-273*234-2964K 
T,=273 +26.1 2299.1 K 
oy WX _2Lx29.1K 
? m 2964K 

= 2.01842 L 


At what temperature, the volume of a given amount of gas at 
25°C becomes twice when pressure is kept constant? 


(Sol) Let the initial volume of gas be V, = V. 
The final volume of gas (V,) is 2V. 
T, 9213-25 = 298 K 


1573 
According to Charles’ law 
ET 
1 D 
V. 
.n- QU LIII = 596K 


An open flask contains air at 27°C. To what temperature it must 
be heated to expel one-fourth of the air? 


‘Sol, Let volume of flask = 1 L 
Volume à number of moles initially (n) 


Volume of air expelled n = En | 


Number of moles left in the flask 


do 


l 3 
= n. cu 


Ideal gas equation: 
P V =n, RT, (1), P V =n,RT, ...(ii) un 
(Since P and V of the falsk is constant) | 
From Eqs. (i) and (ii) | 
nT, 7 nr, 


3 
n x300- 7 mT, 


T, = 300 x = 400 K = 127°C 


flask having a volume of 250.0 mL and containing air is heated 
to 100°C and sealed. Then the flask is cooled to 25°C, immersed 
in water, and opened. What volume of water will be drawn back 
into the flask, assuming the pressure remaining constant? 


Ol) Let the volume (V,,) of the flask be 250.0 mL 
at temperature (T,) = 100 + 273 = 373 K 
Flask cooled to temperature (T5) = 25 + 273 = 298 K 
According to Charles’ law 
ee 
n L 
Hence, the volume (V) at 298 K is LL 
j 


250 x 298 
y, = —— —— 


: 199.73 cm? 
373 


Therefore, water drawn back is 250 — 199.73 — 50.27 cm? 


The volume expansivity of a gas under constant pressure is 


0.0037 or (5) . Calculate its volume at — 100°C ifits volume 
at 100°C is 685 cm?. 


The volume expansivity of a gas means increase or 
decrease in volume per degree rise or fall in temperature of 
its volume at 0°C. Therefore, 


V,= V + 0.0037 x Vy xt = V (1 0.00377) 
At 100°C, Vig = Vol + 0.0037 x 100) = 685 cni? 
Solve for Vo: 


- LA = 500 cm? 
1.37 


Therefore, volume at —100°C is 
V_soorc = Voll + 0.0037 x (-100)] 


bg 
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= 500[1 + 0.0037 x (-100)] = 315 cm? 


Hence, volume at —100°C is V (997 315 cm’. 


In terms of Charles’ law, explain why —273*C is the lowest 
possible temperature? 


[Son The temperature —273?C (or 0 K) is known as the absolute 
zero temperature. Below this temperature, a substance 
cannot exist as gas and changes to liquid. This means that 
Charles’ law can be applied only up to a temperature of 
_273°C. since a substance fails to exist as gas below this 


temperature. 


A sample of gas is found to occupy a volume of 900 cm? at 27°C. 
Calculate the temperature at which it will occupy a volume of 
300 cm?, provided the pressure is kept constant. 
BS Here, V, = 900 cm}, V, = 300 cm? 

T = @7+ 273) K 2300 K, T,=? 

Applying Charles’ law, 

non 

Tn T, 


 V,n _ 300cm* x 300K 
V 900 cm? 
= 100 — 273 2 -173*C 


It is desired to increase the volume of 80 cm? of a gas by 20% 
without changing pressure. To what temperature the gas be 
heated if its initial temperature is 25°C? 


'" -100K 


Sol. The desired increase in the volume of gas is | 
80 
20% of 80 cm? = 777 x 20-16 cm? 


Thus, the final volume of the gas is 80 + 16 = 96 cm?. 

Now, V, = 80 cm?, V, = 96 cm? 

7,7257 09208 K T, —7 

Applying Charles' law, we get 

AA 
T, 


a 


96 cm? x 298 K 
ee GK 


z- HT 
80 cm? 


2 
5 
= 357.6 - 273 = 83.4°C 


5.6.3 GAY-LUSSAC’S LAW (PRESSURE- 
TEMPERATURE RELATIONSHIP) 

This law is similar to Charles’ Jaw and is given by Joseph 

Gay-Lussac. It describes the pressure-temperature relationship of 

gases at constant volume. It is also called Amonton's law. 


It states that the pressure of a given mass of gas i di 
proportional to the Kelvin temperature at constant volume etl, 


Mathematically, P oc T (at constant n and V) 


P 
oru = K (constant) 


The value of K depends upon the volume of the 
amount of the gas, and the units of pressure (P). 

Let P, be the pressure of a certain mass of gas at temperat 
T, and volume V. If the temperature is changed to T, at the à Ie 
volume so that the corresponding pressure becomes p th 
according to the law 2» "en 


cil = LS (at constant n and V) 

P0 

The above relationship can be derived from Boyle’s lay, and 
Charles law. The plot of pressure versus temperature (K) fora 
fixed mass of gas at constant volume is a straight line as shown 
in Fig. 5.15. Each line in this plot is called an isochore. 

The slopes of various isochores at different volumes are 
different, but all these lines meet the temperature axis on 
extrapolation at 0 (K) as shown is Fig. 5.15. 


Bas, th, 


a 


Pressure (bar) —» 


0 100 200 300 400 
Temperature (K) —» 


Fig. 5.15 Pressure versus temperature (K) graph 
(isochores) of a gas 


Fig. 5.16 shows different graphical representations of 
Gay-Lussac's law 


Le | 


UT 
(b) Plot of P vs UT 


a 


(b) Plot of P/T vs T 


(a) Plot of Pvs T 


log T ——-» 
(c) Plot of log P vs log T 
Fig. 5.16 
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' der containing cooking gas can withstand a pressure of 


lin ; 
DN The pressure gauge of the cylinder indicates 12 atm at 
zoc Duc toa sudden fire in the building, the temperature starts 


Mni At what temperature will the cylinder explode? 
rising 
gp Pe 15 atm, T,=? 

p, = 12 atm. iy = 300 K (273 + 27) 


since the volume of the cylinder remains constant, 


p 375K 
i.e.. the cylinder will explode above 375 K or 102?C. 


(LUSTRATION 5-21 


An iron tank contains helium at a pressure of 2 atm at 25°C. 
The tank can withstand a maximum pressure of 10 atm. The 
building in which the tank has been placed catches fire. Predict 
whether the tank will blow up first or melt. (The melting point 
of iron is 2235 K). 


BB Let P, 72 atm. P, 7? 
T-29c- 298 K, T, - 2235 K 
According to Gay Lussac's equation, 


n B 

T mL 

mus po 25227225 m 
U2 m 298 


Since the pressure of the gas in the tank is more than 10 atm 
at the melting point, this tank will blow up before reaching 
the melting point. 


A steel tank contains air at a pressure of 15 bar at 20°C. The tank 
is provided with a safety valve which can withstand a pressure 
of 30 bar. Calculate the temperature to which the tank can be 
safely heated. 


BOD Let P, = 15 bar, P, = 30 bar 
T|- 20°C = 293 K, T, =? 
II (B adis PT, 30x293 
n L3 RH 1! 

^ T, = 586 K or 313°C 
Thus, the safety valve will blow up when the temperature 
exceeds 313°C, 

A balloon blown up at 5°C has a volume of 480 mL. At this 


s ee: i 
tage, the balloon is distended to 7/8 of its maximum stretching 
Capacity, 


CON 


a. Will the balloon burst if it is brought to a room having 
temperature 30°C? 

b. Calculate the temperature at which the balloon will 
burst. 


Sok 480 mL represents 7/8 of the balloon’s maximum capacity. 


Let x mL is the maximum volume capacity of the balloon 


2 = 480 mL 
8 


480 x 8 


= 548.6 mL 


x= 


Thus, if volume exceeds 548.6 mL, the balloon will burst. 


a. Calculation of the volume of balloon at 30°C: 
By Charles’ law, we get 
WLh 
n I, 
Here, V, - 480 mL, Piet 278 K, T, - 305 K 


I uro. a = 523.16 mL 


Thus, V,- —À 
us, Y3 ja 


Therefore, the balloon will not burst at 30°C. 
b. Calculation of the temperature at which balloon will 


burst: 
Here, V,- 480 mL, T, = 278K ,V,= 548.6 mL, T, = ? 


An. 
QE 

V,xT, 5486x2 
p= 59008505 31k 


2 y 480 
= 317.7-273 =44.7°C 


Thus the balloon will burst as soon as temperature 
exceeds 44.7?C. 


20 mL of hydrogen measured at 15°C is heated to 35°C. What 
is the new volume at the same pressure? 


Sol.) Given conditions 
V,=20 mL 
T, = 15 + 273 = 288K 


Final conditions 


By applying Charles’ law, we get 
5 _ 20 


V.= 20 308 = 21.38 
2 288 


The volume of hydrogen gas at 35°C is 21.38 mL. 
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At what temperature in centigrade will the volume of a gas at 
0°C double itself, pressure remaining constant? 


[Sol Let the volume of the gas at 0°C be V mL 


Thus, we have 
Vi =F ml, Si 2V mL 
T, -042732273K, i= 7 


By applying Charles? law, we get 


| 2V 
mM E 
2V x 273 
T, = = = 546 K = 546-273 = 273°C 


A 10.0 L container is filled with a gas to a pressure of 2.00 
atm at 0°C. At what temperature will the pressure inside the 
container be 2.50 atm? 


‘Sol. As the volume of the container remains constant, applying 
pressure-temperature law, viz. 


E d 
I B 
We get 


2atm 2.50 atm 
273K T, 


or T, = 34] K = 34] — 273°C = 68°C 


L Two fiasks A and B have equal volumes. A is maintained 
at 300 K and B at 600 K. While A contains H, gas, B has 
an equal mass of CH, gas. Assuming ideal behaviour for 
both the gases. Which is true about number of molecules 
in A and B 

i. Flask ^ contains eight times more molecules than 
flask B. 
ii. Flask B contains eight times more molecules than 
flask A. 
iii. Both flasks contain an equal number of molecules. 
iv. Flasks A contains four times more molecules than 
flask B. 

II. | Which of the following is true about pressures in flasks A 

and B? 


IV. 


a. The pressure in flask A is four times that jn flask n 
b. The pressure in flask B is four times that jn lay 
c. Both flasks have same pressure, 
d. The pressure in flask A is eight times that jn flask n 


Which of the following graphs is consistent with ide; 


à ( | Ray 
behaviour? 


1/V—> 


For a fixed mass of gas and constant pressure, which of ie 
following graphs is/are correct? 
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ii. 5.6.4 AVOGADRO'S LAW (VOLUME-AMOUNT 
VIT RELATIONSHIP) 


This law relates the volume of a gas to the number of molecules 
at constant temperature and pressure. It was given by Amadco 
23 1K)—> Avogadro in 1811. It states that equal volumes of all gases under 
similar conditions of temperature and pressure contain equal 
number of molecules. 

iv. , d This means that as long as the temperature and pressure remain 
" constant, the volume depends upon the number of molecules of 

the gas or amount of the gas. 


For example, | mol of all gases contains 6.023 x 10? 
molecules. At the same time, moles of all gases at 273.15 K (0°C) 


| TIE s and | bar pressure occupy a volume of 22.7 L (22.7 x 10? m?). 
The correct choice is: Therefore, the volume of the gas is directly proportional to the 
a. | b. I, IL, IV number of molecules. 
c. 1. II. III d. IT, III. IV Mathematically we can write 
v,  Boyle's Law for an ideal gas can be plotted as shown (>) da N s e Ms n d TENE 
(n : moles; T : temperature) e num er of molecules (N) of any gas is directly 
proportional to its number of moles (n). Thus 
Note: T and n are kept constant along line L,, L,, and L,. V « n (temperature and pressure constant) 


or V = Kn, K is the constant of proportionality 
The number of molecules in 1 mol of a gas has been 
determined to be 6.022 x 10? and is known as Avogadro 5 constant. 
Molar volume of some gases is given in Table 5.4. 
Table 5.4 Molar volume in litres per mole of some gases at 273.15 
K and 1 bar (STP) 


Argon 


Carbon dioxide 


It follows from the above graph: 


Dinitrogen 
a. T,2T,2 Tj Dioxygen 
b. 7, <T7,<T, Dihydrogen 
cTI-T-T Ideal 
‘ioe A | gas 
d. None of these Ifm is the mass of a gas having molar mass M, then the number 
‘Sol of moles of a gas can be calculated as follows: 
2m | ) 
L a. n= ITI "A g n= M «t 
ng 
Thus, V= k x NU 
A 
since n, aN, “. ~~ = 
A Ng ob Me k= rd i 


(n= number of moles) (N = number of molecules) where d is the density of the gas. 


I. à Pp y= » Thus, we can conclude that the density of a gas is directly 
dn gh TGS proportional to its molar mass. 
P nAT, 300 
B ut no 5.7 IDEAL GAS 
B UN P 600 alt NIIS, Jo eL BRL MB, LRL A 
A gas that follows Boyle’s law, Charles’ law, and Avogadro's 
AT E Np = uu PA -g law strictly is called an ideal gas. Such a gas is hypothetical. It 
2 l6 ng is assumed that intermolecular forces are not present between 
M. a TT the molecules of an ideal gas. Real gases follow these laws only 


IV. q, under certain specific conditions when the forces of interaction 
are practically negligible, i.e., at low pressure and very high 


c 27 53 temperature. In all other situations, they deviate from ideal 


behaviour. You will learn about the deviations later in this unit. 
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5.7.1 DERIVATION OF | 


We have studied different pus 
combination of these laws, namely, muon 
and Avogadro's law, lends to the development o 


relates four variables: pressure, ir Mem ds p 
imber of moles. The equation so formu | y gie i 
Smet In order to develop the ps alae i ks AM 
certain quantity of pas occupying a volume ! E rcu | 
and pressure P}. Let the pressure and lemperaturo e d 
P, and Ty, respectively, so that the volume changes to Vz + pp : 

that this change from the initial state has been brought about 


two stages as shown below: 


DEAL GAS EQUATION 


laws in the previous ueetions, The 
Boyle's law, Charles’ law, 


Ic , ry Step I m 
Stepl_y p y T, — P hN 
(Final state) 


RMT > 


(Initial state) (Intermediate 


lute) 
In Step 1, 7 is constant, therefore, Boyle’s law is applicable. 
BY 


PV, = P, V,= TR 


^ 


In Step Il, P is constant; therefore, Charles’ law is applicable. 


Equating the two values of V, we get 
Bh _ Val 


PT, 
PY, _ PY, 
or Ż — = — 
Lp Tn 


This equation is quite useful for calculating one of the 
variables if the values of other variables are known. This equation 
Is also known as the combined gas law. 

Another important conclusion that can be drawn from the 
equation is that the ratio of PV to the absolute temperature T for 
a given quantity of gas is constant. That is 


PV 
T = constant = K 


The value of K depends upon the amount of the gas. In order 
to make the equation independent of the amount of the gas, we 
take the help of Avogadro's law according to which the volume of 
the gas at constant temperature and pressure is proportional to its 
number of moles (n). This means that K is directly proportional 
to the number of moles (n). Thus, 

Ko nor K - nR 
where R is the constant of proportionality, which is independent of 
the amount as well as nature of the gas and is known as universal 
gas constant. Ít leads to the conclusion that 


PV _ 
T =n 
or PV=nRT 


This equation relates the four variables P, V, T, and n and is 
called the ideal gas equation. 
Alternative derivation of ideal gas equation: The gas equation 
can also be derived by combining Boyle's law, Charles' law, and 
Avogadro's law as follows: 


È [4 
According, fo Boyle's law 


y : (at constant T und n) , 
j 

According, to Charles Jaw, 

V o. T (at constant Pand n) F 

4 P ij 

According 10 Avogadro's law, 

Va n (at constant Tand P) p 
i 


Combining, equations (i), (i), and (iH), we get 


nT 
V vf —_ 


J 

or PV«.nT or PV ART’ 
where R is the constant of proportionality and i5 known a the 
universal gas constant, 

The ideal gas equation is a relation among four variables z , 
describes the state of any gas. T hereforc, it also called the 4quali;, 
of state. 
Nature of the gas constant (R): In order to understand the 
significance of R, Jet us examine the nature of quantities in te 
ideal gas equation. 


PV =nRT 
PV 
or R7 —— 
n] 


l Pressure * Volume 
eain Moles x Temperature 
Now, pressure is force per unit area. So 
(Force/Area) * Volume 
Moles * Temperature 


Fore . (Length )" 


(Length)? 
Moles x Temperature 


Force * Length 

Moles x Temperature 

Since, force x Length = Work energy 

E Work 
Moles x Temperature 

Thus, R represents work done per Kelvin per mole. Since 
work can be expressed in different systems of units, R will have 
different numerical values in different systems. 
N umerical value of R: The numerical value of R depends upo? 
the units in which pressure and volume are expressed. Let u 
calculate the value of R when pressure and volume are expressed 
in different units. 

a. In SI unit, pressure is expressed in N m~ and volume in m. 
Then the numerical value of R in SI units can be calculated 
as follows: 

From the general gas equation, we get 
PV 
R= — 
nT 
Substituting the values for 1 mol of gas at STP, we get 
p = (101325 N m7) Q24 x10? m?) 
= —— FE mj 
(1 mol)(273.15 K) 
= 8.31 J K^! mor! 


— 


p 


- en pressure 1S expressed in at 
h. so a value of R comes out to eam s E 
degree per mole. per 
Substituting these values for | mol of gas at STP, we get 
J(atm) ^ 22.4 (L) 
m “1 mol) 2733 (K) = 0.0821 L atm K-! mol-! 
c, When pressure is expressed in bar and volume in dm?, 


we know that 1 mol of any gas at | bar pressure and 
271.15 K occupies a volume of 22. 7 dm? or 22.7 L. Then 


I(bar)” 2277 (L) — 
R= (1mol)* 273.15(K) _ 0.0831 bar L K-! mot"! 


d. In CGS units, when pressure is expressed in dynes per 
square centimetre and volume in cubic centimetre, then R 
has the units erg per degree per mole or calories per degree 
per mole. For | mol of a gas at STP, we have 
P = 76 cm length of Hg column (P = hdg) 
| atm = (76 cm) (13.596 g cm?) x 980.6 cm s? 

= 1013250 g cm! s? 
= 1013250 dyn cm? 
Density of mercury = 13.596 g cm? 
g - 980.6 cm s? 
V = 22400 cm? 
T=273.15 K 


_ (1013250 dyn cm ?) (22400 cm?) 
g (1 mol) (273.15 K) 
=8.314 x 107 erg K-! mol! 
Further, we know that 
4.184 10’ erg = 1 cal 
— 8314x10! 
—. 4.183 x 107 
or R x 2 cal K- mol! 
Jt may be noted that although R can be expressed in different 


units, for pressure-volume calculations, R must be taken in 
the same units as those used for pressure and volume. 


The values of R in different units have been listed in 
Table 5.5. 


= 1.99 cal K^! mor! 


Table 5.5 Values of R in different units 


Values of R 
9.0821 L atm K mol! 
0.0831 bar L K- mol! 
62.3 L mm K^! mol! 
8.3] x 107 erg K mol! 
8.31 JK- mor! 
1.99 cal K- mol"! 
|. 531 kPa dm? K-! mol"! 


s 


Units of P Units of V 


Standar d temperature and pressure (STP): Since the volume 
of a given mass of gas depends on temperature and pressure, 
iy necessary to specify the values of P and T when the value 
pd I$ stated. In general, the comparison of the volumes of 
"ferent gases is made with reference to standard temperature 


CT 
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and pressure. For gases, the standard temperature is taken as 
0°C (273.15 K) and standard pressure as | atm (101.325 kPa) 
or 760 mm Hg. The conditions are abbreviated as STP, mcaning 
standard temperature and pressure or NTP, meaning normal 
temperature and pressure. 


In brief, STP refers to 
Temperature = 0°C or 273.15 K 
Pressure = 1 atm or 760 mm Hg or 760 torr or 101.325 kPa 


a. STP (Standard temperature and pressure) or NTP (normal 
temperature and pressure) conditions are T= 0?C = 273.15 
K, P- ] atn 


or 
T= 0°C =273.15K, P=1 bar 
i. Volume of a gas at STP (P = 1 atm) 
= 22.413996 L mol"! « 22.4 L mot! 
ii. Volume of a gas at STP (P = | bar) 
= 22.71098 L mol! = 22.7 L mol! 
b. SATP (standard ambient temperature and pressure) or 
standard conditions are: 
i. T=25°C = 298.15 K, P = 1 atm 
or 
i. T= 25°C = 298.15 K, P= 1 bar (10? Pa) 
iii. Volume ofa gas at SATP (or standard conditions) when 
(P = 1 atm) = 24.4 L mol !. 
iv. Volume ofa gas at SATP (or standard conditions) when 
(P = 1 bar) = 24.789 L mol"! 
= 24.7 L mol! 


5.7.2 DENSITY AND MOLAR MASS OF A GASEOUS 
SUBSTANCE 


We have studied in chapter one that the number of moles of a 
substance is related to its molar mass as 
w 
n= — 


M 


where n is the number of moles, w is the mass in gram, and M is 
the molar mass. 

Substituting this value in the ideal gas equation, we can get 
the relationship between density and molar mass. 


Ww 
= nRT  —RT 
PY 7A 


7 wRT — d RT 
= Ww Mw 
M 
where d is the density of gas |a ENS E Y 
Volume V 
dRT 
Mw =—— 
P 


A sample of nitrogen occupies a volume of 320 cm? at STP. 
Calculate its volume at 546.3 K and 0.5 bar pressure. 


Sol. | Given, P, = 1.0 bar, P, 0.5 bar 


T, = 273.15 K, T, = 546.3 K 


> 


ibar (22.711 dm?) 


PV 1.01325 bar 
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T 
V, =320 cm3, y, =? | (oes) 


According to gas equation, we get 


HW BV, 

n N 

aa HAC x320x0463. 1280 cm? 
2 T, x P, 273.15x 0.5 


1.0 mol of pure dinitrogen gas at SATP conditions was put into 
a vessel of volume 24.8 m? maintained at the temperature of 
596.3 K. What is the pressure of the gas in the vessel? 


Initial condition (SATP) Final condition 


V, =24.8 x 10?m? V, = 24.8 m? 
P, =1bar P, =? 
T, =298.15 K T, = 596.3 K 
According to the gas equation, 
Ah. a 
T T) 

BV, xT, 10x248x10? x 596.3 

YAT RxV Oo 29RISx248 —— 
— 2 x 10 bar 


^ P472 x 103 bar 


~ A sample of gas occupies a volume of 320 cm? at STP. Calculate 
its volume at 66°C and 0.825 atm pressure. 


(Sol. Here, 
P, — 1.00 atm, P, = 0.825 atm 
V, = 320 cm’, V,- ? 
7,7273 K, 
T, = 66°C = (66 + 273) K = 339 K 


According to the gas equation, 
fy, _ Pl, 
Ti T, 


PVT, _ 1x320 x339 
TP, 273 x 0.825 


Determine the value of gas constant 
expressed in Torr and volume in dm? 


i Sol. We know, 


1.01325 bar = 760 Torr. Hence 


V, = = 482 cm? 


R when pressure is 


Volume of 1.0 mol of a gas at SATP(V,) = 24.8 x 10? m? 


nT (1 mol(273.15 K) 
= 62.36 Torr dm? K^! mol! 


Se Y oo a = 
f * mrs ^A"TATCn [ => 4 
1 LUS | FC Le i Da aali dor 
LE ! L $ — Peasy Satis wer E n 


At 25?C and 760 mm of Hg pressure a gas OcCupies 600 
volume. What will be its pressure at a height where tem 
is 10°C and volume of the gas is 640 mL. 


ol.) P, = 760 mm of Hg, V, = 600 mL 
7, =29 1213 = 298 K, V, = 640 mL 
T, = 10 + 273 = 283 K, 


According to combined gas law 


perature 


22425 zs pin 

T D TV, 
_ (760 mm Hg) x (600 mL) x (283 K) 
7 (298 K) x (640 mL) 


P, 


nex contains small bits of aluminium 
which react with caustic soda to form hydrogen. What volume 
of hydrogen at 20°C and 1 bar will be released when 0.15 gof 
aluminium reacts? 


{Sol} The chemical reaction taking place is 


2Al + 2NaOH + 2H,O ——— 2NaAIO, + 3H, 
2 mol 3 mol 


2x27g 
54 g of Al produces hydrogen = 3 mol 
0.15 g of Al produces hydrogen 
|. 3x0.15 
BEER 
Calculation of volume of 8.33 x 10? mol of hydrogen at 
20°C and 1 bar: 
nRT 

P 


mol = 8.33x10? mol 


V= 


~ 8.33 x 10 7 (mol) x 0.083 (bar L K-' mol!) x 293(K) 
= 229 x10 (mol) x 0.083 (bar L K mol!) x 293(K) 


l (bar) 
= 0.20282 L = 202.82 mL 


NLLUSTRATION S.A. 


The temperature at the foot of a mountain is 30° C and pr essur 
1s 760 mm Hg, whereas at the top of the mountain these are 0 


and 710 mm Hg. Compare the densities of air at the foot 2" 
top of the mountain. 


Sol; LetP, = 760 mm, T, = 30°C = 303 K, P, = 710 mm 
7T,—-273K 


> 


^ We have 
PM 
2z m1 
PORT 
where P is density, M is molar mass, and R is gas constant 
Let the density at the top be (p,) 


P,M 

M” RT, 

Let the density at the foot be (p,) 
PM 

P RT, 

Hence 

BA dp, 09. a 


» n n 39 70 | 


The density of a certain gaseous oxide at 1.5 bar pressure and 
x*C is same as that of dioxygen at 10°C and 4.5 bar pressure. 
Calculate the molar mass of the gaseous oxide. 


‘Sol Density of dioxygen (O,) at 4.5 bar pressure and 10°C 


PM _ 4.5 x32 
Po,” RT Rx283.15 
PM 15xM 


Poxide ™ RT Rx 293.15 
Now, Po, = Poxide 
45x32 1.5 x M 
^ Rx283.15 Rx 293.15 
4.5 x 293.15 x 32 
283.15 x 1.5 


Therefore, the molecular mass of oxygen dioxide is 
99.39 g mol. 


The density of a gas is found to be 5.46 g dm? at 27°C and 2 
bar pressure. What will be its density at STP? 


BID Leto, = 5.46 g dr, P, = 2 bar, T, = 27°C = 300 K 
At STP 
p. =? 
P,= 1 bar 
T, = 0°C = 273.15 K 
Hence, 


hM. _ PM 

P EE mV P2 = RT, 
2 

or P= AB or p, -PP 

Ph TP, AT 

Substituting the values, we have 
5.46 x 300 x 1 -3 

P, = ——————— =3.0g d 

? ^ 2x27315 eea 


Hence, density of gas at STP is 3.0 g dm? 


ILLUSTRATION 2. d 


The density of a gas is found to be 1.56 gL"! at 745 mm pressure 
and 60°C, Calculate the molecular mass of the gas. 


| Sol. We are given 
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p=1.56g¢L! 


P= 745 mm = 155 atm 

mm" 760 
T = 60°C = 60 + 273 = 333 K 
R = 0.0821 L atm K-! mol! 


M- pRT 1.56» 0.0821 x 333 
P 745 
760 
The molecular mass of the gas is 43.5 amu. 


— 43,5 amu 


" WILLEN. 

LL A TRATION 5.3265 

Vere ez board aaa) ass R7 ho Nin ire hah nora raped 
44 X, ^ Zz SILAS MPD 


At which of the following four conditions will the density of 
nitrogen be the largest? 


a. STP 
c. 546 K and 1 atm 


b. 273 K and 2 atm 
d. 546 K and 2 atm 


b. The density of a gas is given by p = PM/RT. Obviously, 
the choice that has a greater P/T will have greater density. 


Given P = 16 atm, R= 0.08, V = 9 L, T = 273 + 27°C = 300 
K 

Putting these values in the above equation, we get 

16 x 9 = n x 0.08 x 300 


16x9 
^. Moles (n) = Dog 300 
We know 
a Woi 
oles (n) = Molecular weight 


Weight of methane = Moles x Molecular weight of methane 
=6x16 (CH= 12 +4= 16) 
= 96g 


Calculate the volume occupied by 5.0 g of acetylene gas at 50°C 
and 740 mm pressure. 


(Mw of C,H, = 26 g mol") 
| Sol.) Weight of acetylene (w) = 5.0 g 
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Molecular weight of acetylene (C,H); 
Mc, = 260g mol! 


-. Moles of acetylene 
w 5.0 


Ne, =e =- —— = 0.192 
Cae TUM — 260 


P=740 ae atm 
= mm- zgi 


Using the gas equation PV = nRT, we get 


__ 0.192 x 0.082 x 323 
|». 740/760 
The volume of acetylene gas is 5.23 L. 


z5.223L 


An open vessel at 27°C is heated until 3/5 of the air in it is 
expelled. Assuming that the volume of the vessel remains 
constant, find the temperature to which the vessel has been 
heated. 

“Sol. Given the vessel is open, its volume remains constant. 
Therefore, the pressure will also be constant. We have the 
following two general gas equations: 


PV=n, RT, and PV=n RT, 


where n,, n, are the numbers of moles and 7,, T, are the 


temperatures. 
Thus, 
nRT, =n RT, 


or n7, =n,T, 


Let the initial number of moles be 1. 


Number of moles remaining = 1 — : =—=04 


T,721- 273—300 &, T,=? 
Putting the values in above equation, we get 
1 7 300 =0.4 x T, 

300 x J 


= = 750K 
iz 0.4 


Thus, the required temperature is 750 — 273 = 477°C. 


What percent of a sample of nitrogen must be allowed to escape 
if its temperature, pressure, and volume are to be changed 
from 220°C, 3 atm, and 1.65 L to 110°C, 0.7 atm, and IL, 
respectively? 
a. 41.4% 


c. 4.14% 
d. Let P, =3 atm, T, = 220 + 273 = 493 K, V, = 1.65 L 
P, = 0.7 atm, T, = 110 + 273 = 383 K, V,=1 L 


b. 6.18% 
d. 61.8% 


Using the gas PV = nRT equation, we get ; 


= EE and n,= Da 
EN) 2 RT, 


Thus, fraction remaining is 


n, PV, RT, 0.7x1 Rx 493 
=n DV OO "utr: 0195 
m RT, BV, Rx383 3x165 


Fraction escaped = 1 — 0.182 = 0.818 


ni 


Percentage escaped = 0.818 x 100 = 81.8% 


So the correct choice is (d). 


A gas cylinder contains 370 g oxygen at 30.0 atm pressur ag 
25°C. What mass of oxygen will escape if the cylinder jg fr 

heated to 75?C and then the valve is held open until gas E. 
becomes 1.0 atm, the temperature being maintained at Tcr 


ED n- 2 = 11.6 mol 
: 32 


nRT _ 11.6 x 0.082 x 298 


= — —9432L 
P 30.0 atm 
The final number of moles 
E PVY 1.0 atm x 9.43 cu meis 


N= RT 0.082 x 348 


Final weight of O, = 0.330 mol x 32 = 10.6 g 
Mass of O, escaped = 370 g (initial) — 10.6 g (final) 
= 359.4 g 


A refrigeration tank holding 5.00 L freon gas (C,CLF,) at 25°C 
and 3.00 atm pressure developed a leak. When the leak was 
discovered and repaired, the tank had lost 76.0 g of the gas. 
What was the pressure of the gas remaining in the tank at 25°C 


Sol. ) Original gas pressure 


- PV  3.00atm x 5.00 mL 
RT 0.082 x 298 
= 0.613 mol = 0.613 x 171 g 
= 105 g originally present 
Quantity remaining 


29 
105 - 76 = 29g = — - 0.17 mol 


171 
_ nRT _ 0.17 x 0.082 x 298 
y $00L = (0.83 atm 


A quantity of hydrogen gas occupies a volume of 30.0 mL aa 
certain temperature and pressure, What volume would halt i 
this mass of hydrogen occupy at triple the initial temperatu“ 
if the pressure was one-ninth that of the original gas? 


A 


MED 
30 mL V, 


y 


p P P= 79 P, 
T T T,-37, 
n,— 1/2 n 


n My | 
Using gas equation, 


pv = nRT. we get 


4 10.0 L cylinder of oxygen at 4.0 atm pressure and 17°C 
developed a leak. When the leak was repaired, 2.50 atm of 
oxygen remained in the cylinder, still at 17°C. How many moles 
of gas escaped? 


‘Sol. In original gas pressure; the number of moles is 
PV _ 4.00 10.0 


n, = — = = 1.683 mol 
| RT, 0.082 x 290 
Final moles 
Py  2.50x10.0L 1.05 mol 


"^ RT, 0.082 x 290 
Moles escaped = n, — n, = 1.683 — 1.05 = 0.63 mol 


5.8 DALTON’S LAW OF PARTIAL 
PRESSURES 


In 1807, John Dalton put forward a law describing the relation 
between the pressure of a mixture of non-reacting gases enclosed 
in a vessel and their individual pressures. The law states that at 


constant temperature, the total pressure exerted by a mixture of 
non-reactive gases is equal to the sum of the partial pressures of 


individual gases, i.e., the pressures which these gases will exert 
ifthey are enclosed separately in the same volume and under the 
same conditions of temperature. In a mixture of gases, the pressure 
Xerted by the individual gases is called partial pressure. 


If P oa iS the total pressure of the mixture of non-reacting 
i at temperature T and volume V and p}, p»; P3» ... represent 
* Partial pressures of the gases, then mathematically 


P oat =p tp, +p,t- (T and V are constants) 


Tis law can be illustrated by considering the following 

i bck. Suppose we have three containers of capacity 1 L each; 

hie UR MO moles of nitrogen, the second y moles of oxygen, 

th a a mixture of x moles of nitrogen and y moles oxygen. 
ee containers are kept at the same temperature. 
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| v moles 
| te - ol 
x moles y moles nitrogen 
n of P|) yp moles Pi P 


of 
Nitrogen oxygen of 
oxygen 


Fig. 5.17 Illustration of Dalton's law of partial pressures 
Now if the manometer attached to the first container shows 
a pressure p, and that attached to the second container shows a 
pressure p», then the pressure in the third container is p, * pz 


Utility of Dalton's law: Gasses are generally collected over 
water, Thus they and are moist. This law is useful in calculating 
the pressure of a gas collected by the displacement of water. The 
gas being collected over water also contains water vapours. The 
observed pressure of the moist gas is equal to the sum of the 
pressure of the dry gas and the pressure of the water vapours. 
The pressure of dry gas can be calculated by subtracting vapour 
pressure of water from the total pressure of the moist gas. The 
pressure of the water vapours is constant at a particular temperature 
and is known as aqueous tension at that temperature. Thus, 


P 


observed 


P 7 P. 


gas observed 


=P hs Aqueous tension 


— Aqueous tension 


Gas 


Water vapours 


Fig. 5.18 Collection of gas over water 
The aqueous tension of water at different temperatures is given 
in Table 5.6. 


Table 5.6 Aqueous tension of water (vapour pressure) as a 
function of temperature 


Temp (K) | Pressure (bar) 


273.15 0.0060 0.0260 
283.15 0.0121 297.15 0.0295 | 

288.15 | 0.0168 29915 0.0331 
291.15 0.0204 30LIS | 0.0372 
293.15 0.0230 303.13 | 00418 — — 


temperature T, three gases enclosed in the volume V exert partial 
pressures p,, p», and p,, respectively. 


Then 
n RT 
p EG (1) 
m RT " 
p^ E (ii) 
n,RT - 
py (iii) 
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where ys No» and 77, are numbers of moles of the gases. Thus, the 


expression for total pressure will be 
Prot 7 Pi + P3 + Pa 


RT RT RT 
moe ta + a 


Il 


] , x V 


RT 
(m nm) EE 


On dividing p, by Protas we get 


Pi _ ?h RTV 
P ei 7 EE +m, +m) RTV 


n n 
= OO — — o X1 
n + n T ni n 
where n= r, +n, +n, and 

x, is called the mole fraction of the first gas. 
Thus. p; = X1 Protal 
Similarly. for the other two gases we can write 
P; = X2 Pay ANd P3 = X3 Protal 
Thus a general equation can be written as 


PT Xi P otal 


A neon dioxygen mixture contains 70.6 g O, and 167.5 g Ne. If 


(iv) 


(v) 


where p, and x, are the partial pressure and mole fraction of the 
gas, respectively. Thus the partial pressure of a gas in a mixture is 
equal to the product of its mole fraction and the total pressure ofthe 
mixture. Ifthe total pressure ofthe mixture of gases is known, Eq. 
(v) can be used to find out the pressure exerted by individual gases. 


pressure of the mixture of gases in the cylinder is 25 bar. what 


is the partial pressure of O, and Ne in the mixture? 


70.6 
SSD) Moles of O, ("0,) = ——— 
32 g mol 
— 2.2] mol 
167.5 
Moles of Ne (nye) = — e 
20 g mol 
= 8.375 mol 
Mole fracti f O, (Xo,) = cd. 
á lo) = Nie ENS 
Ratton icd EV ETE 
— 0.2] 
Mole fraction of Ne (Zye) 
= ] — 0.21 = 0.79 


Po; = X0; X P otal 

= 0.21 x (25 bar) = 5.25 = bar 
Pye = Xue X Protal 

= 0.79 x (25 bar) = 19.75 bar 


A certain quantity of gas occupies a volume of 0.8 Leo 
over water at 300 K and a pressure 0.92 bar. The 


lect 


occupies a volume of 0.08 L at STP in dry conditions. Cals Č Bag 
ulate 


the aqueous tension at 300 K. 
SGI) Let the aqueous tension at 300 K be P bar. 


The pressure of dry gas at 300 K = (0.92 — P) bar 


Now, P, = (0.92 — P) bar, P, = 1 bar 
V, -0.8L, V, - 0.08 L 
T, = 300 K, T, = 273.15 K 


Using gas equation, we get 


FY, BF 

n m 
_ EV 

or P= VT, 


Substituting the values, we get 
1 x 0.08 x 300 
0.8 x 273.15 
or aqueous tension = 0.92 — 0.109 = 0.811 bar 


0.92 - P = =0.109 


At sea level, the composition of dry air is approximately N, 
= 75.5%, O, = 23.2%, and Ar = 1.3% by mass. If the total 
pressure at sea level is 1 bar, what is the partial pressure of 


each component? 
‘Soi. > Let us consider 100 g of air. 
W 755 


= —— = ——— =2.7 
Mores ED, Qm) Molar mass 28 
23.2 
Moles of O 2 (MN, jm —— = 0.725 
32 
1.3 
Moles of Ar (n4) = a 0.0325 
Total moles = 2.7 + 0.725 + 0.0325 = 3.4575 
2.7 
Mole fracti fN = — — = 0.781 
ole fraction of N, (Xn,) 34575 
0.725 
Mole fracti fO = 0.209 
raction of O, (Xo,) = 34575 
. 0.0329... er apd 
Mole fraction of Ar (x,.) = 3.4575 ^ 9.39 x 10 
Pn, = TE Xn, 7 1 x 0.781 7 0.781 bar 
Po,7 P otai * Xo, = 1 * 0.209 = 0.209 bar 
Par= Prot X Xar= |X 9.39 x 10° = 9,39 x 10? bar 


A 2 L flask contains 1.6 g of methane and 0.5 g of hydroge" , 
27°C. Calculate the partial pressure of each gas in the m 


and hence calculate the total pressure. 


p” 
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W 1.6 
Moles of CH47 Molar weight 16 mol = 0.1 mol 


partial pressure of CH, 
RT _ 0.1x 0.0821 x 300 
Pen. NCH, à V ~~ 2 = 1.23 atm 


E wo OS 
eoit nomaaa 02° asmel 


partial pressure of H, 
RT 025x 00821x300 
Ph mnp 2 = 3.079 atm 


». Total pressure = Pou, T Py, ~ 1.23 + 3.079 = 4.31 atm 


xg of hydrogen and 128 g of oxygen are contained in a 20 L 
ask at 200°C. Calculate the total pressure of the mixture. If a 
spark ignites the mixture, what will be the final pressure? 
W 20 
les of H, = —— ———— = = =10 
‘Sol. Mae ^ Molar weight 2 Fooi 


on Z -Bam 
Moles of O2 = Molar weight 32 — 


Total pressure 
P= Py, * Po, 
RT 
E tn = 
(np, o») V 
(0.082 x 473) 


= (10-4 

( ) 20 
- 27.15 atm 

2H,(g) + O,(g) —> 2H;0(g) 

at the temperature of the spark. 


Hence, 4 mol of oxygen will react with 8 mol of hydrogen to 


give 8 mol of water (g), and 2 mol of hydrogen will remain 
unreacted. 


RT 
Final pressure = (ny, + No) Ty 


2 HOC = 19.39 atm 


The total pressure of a gaseous mixture of 2.8gN,,3.2g0,, and 
0.5 gH, is 4.5 atm. Calculate the partial pressure of each gas. 


(Sol. Number of moles = mW 
Molar mass 


Moles of N, (ny ) = zi — 0.1 mol 
2 
Moles of O, (no) = = = 0.1 mol 


Moles of H, (ny) - ~ = 0.25 mol 


Total number of mole = ny, * "o, + ny, 
=0.1 +0.1 + 0.25 = 0.45 
Partial pressure a gas is 
Number of moles 


es x Total pressure 
Total number of moles 


0.1 " 
Pw, 7 045 x 4.5 atm = 1.0 atm 
0.1 E 
Po, ^ gas x 4.5 atm — 1.0 atm 
Py, = = x 4.5 atm = 2.5 atm 


I. Equal molecules of N; and O, are kept in a closed container 
at pressure P. If N, is removed from the system, then what 
will be the pressure of the container? 


a.P b.2P c. FI2 d. P? 

II. Dalton's law of partial pressures is not applicable to 
a. Mixture of H, and N, b. Mixture of H, and CL 
c. Mixture of H and CO; d. None 

III. Equal volumes of all gases under the same conditions of 
temperature and pressure contain equal number of 
a. Atoms b. Molecules 
c. Radicals d. Compound atoms 

IV. 0.5 mol of H5, SO,, and CH, is kept in a container. A hole 
was made in the container. After 3 hours, the order of partial 
pressure in the container will be 
a. Pso, 7 PCH, > Pu, b. Pu, 7 Pso, 7 Pcu, 
C. Pou, 7 Pso, 7 Px, d. Pc, ? Pu, ~ Pso, 


I c. P/2 because Po = PN, + po, 
Il. b. The mixture of H, and Cl, because H, and Cl, react 
instantly to give HCI. 
III. b. Molecules 
IV. a. Pso, 7 Po, ^ PH, 


uo RENNES 
"P SM 2L 


Why dry air is heavier than moist air? 
Sol. Average molar weight of dry air is 
" % of N, x 28+ % of O, x 32 
100 
Average molar weight of moist air is 
- % of N, x 28 +% of O2 x 32+ % of H,O x18 
100 


Evidently, average molar weight of dry air is more and so is 
its density (d= MIV). 


A vessel of 4.00 L capacity contains 4.00 g of methane and 1.00 
g of hydrogen at 27°C. Calculate the partial pressure of each 
gas and also the total pressure in the container. 


ee 
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| Sol.” Let the partial pressure of hydrogen be pi , 
pressure of methane be Pen, 


and the partial 


The number of moles of hydrogen 1s 
n, = E = 0.5 mol 

| 2 
The number of moles of methane 18 


4 " 
= — = 0.25 mol 
16 
Now applying ideal gas e 


n, 
quation for each gas, we get 


Pu, ` V=n RT 
0.5 x 0.0821 x 300 
n RT 0.3 x 0.0821 x —3.07 atm 


— ———————— 


Ph, = py 4 
Similarly, Peu, P = n RT 


25 2 
- nRT _ 0.25 x 0.0821 x 300 _ TOT 
Peu, y 4 
Total pressure of the gaseous mixture is 
Pu, * Pon, = 3.07 + 1.54 = 4.61 atm. 


5.9 DIFFUSION OF GASES 


It is a matter of common observation that gases intermix 
freely without the help of any external agency. For example, 
if a cylinder containing hydrogen gas is inverted over another 
cvlinder containing reddish-brown nitrogen dioxide gas and the 
lid separating the two cylinders is removed, then both the cylinders 
gradually become reddish brown. This indicates the intermixing 
of hydrogen and nitrogen dioxide forming a uniform mixture. 


Colourless Reddish 
brown 
Lid Ren E--1 5 
NO? + H2 
Reddish 
brown 


Fig. 5.19 Diffusion of gases 
This property of intermixing of gases is referred to as 


diffusion. Diffusion may be defined as the process of intermixing of 


two or more gases irrespective of density relationship and without 
the help of external agency. 

Diffusion in gases is attributed to the rapid movement of gas 
molecules and the existence of a large empty space between any 
two molecules. When the two gases are brought in contact with 
each other, the molecules of one gas move into the empty spaces of 
the other gas gradually, and this ultimately leads to the formation 
of a homogeneous mixture. 

Effusion: Effusion is a process by which a gas under pressure 
escapes from the vessel through a smal! opening or orifice. Air 
escaping from a punctured tyre or football bladder and perfume 
molecules escaping through an atomizer are common examples of 
effusion. The process of effusion is always followed by diffusion. 


5.9.1 GRAHAM'S LAW OF DIFFUSION/EFFUSION 


Thomas Graham put forward a generalisation after studying the 
rates of diffusion of different gases, which is known after his name 
as Graham's law of diffusion. The law states: 


Under similar conditions of temperature and pressu, 

rates of diffusion of gases are In versely proportional to the “i the 
sentinel ities Squa, 

roots of their densities. i 


, M l 
The law can be mathematically put as (^ oc =) where. 
i 


1 and d is the density of the gas. 


e two gases A and B having r, and raS th 
d, and d, as densities, respectively ther 


the rate of diffusior 
Now, if there ar 
rates of diffusions and 


d (at same T and P) 


h 
We know that molecular mass is twice the vapour density 
Therefore, the above expression may be written as 


Mw, 
n fa |_ 22 oaa 
P i d, Mw, Mw, 
2 


re the molecular masses of the gases having 


where M, and M, a 
respectively. Thus, Graham’s law may also 


densities d, and d), 


be stated as: 

Under similar conditions of temperature and pressure, the 
rates of diffusion of gases are inversely proportional to the square 
root of their molecular masses. 

Again, the rate of diffusion of a gas is equal to the volume of 
the gas diffusing per unit time, 1.e., 

Rate of diffusion = Volume of the gas diffused 
Time taken for diffusion 


V 
or = p 
If V, and V, are the volumes of the gas diffusing in ume 


t, and t,, respectively, then 
V. 
r = and n - — 
f D 
Thus, putting the values ofr, and r,, we arrive at the fol 


formula: 


"n Kit [dh | [Mw 

n Vh d Mw, 

This implies that the time taken for the diffusion of è% 
volumes of two gases under similar conditions of temperatur “a 


prenre ajaa proportional to the square root of their densi 
molecu alario s 
ar masses. Similarly, if ¢, = 1, = t, then 


i - | d, _ |My, 

£ d, Mw, 
sam hc that the volumes of the two gases diffusing in V 
a i me under similar conditions are inversely proportion? ' 

quare of their densities or molecular masses. 
5.9.2 

SEEN RON OF RATES OF DIFFUSION AT DIFFEREN’ 
Accor JR MPEAATUNEE OR PRESSURES p 
(r) of a dla Graham's law of diffusion, the rate of dif 
at constant temperature is directly proportion? ° 


lowin 


a 


PN 
nsilY or 
de po P 


r* TM 


as well as inversely proportional to the square root of its 


molecular weight. 


(at constant temperature) 


(at constant 7) 


fect of temperature: If the rates of diffusion or effusion of 
E „ases are compared at different temperatures but at constant 
mes EM 


res. then 


aresst 
M 
f 


7 and T, are the respective temperatures of the two gases. 
4 1 -— 


rtance of Graham’s law: Graham’s law has a number of 
plications, some of which are as follows: 


a Itforms the basis for separating the isotopes of some elements. 


p. It provides a simple method for determining the densities 
and molecular masses of unknown gases by comparing their 
rates of diffusion or effusion with those of known gases. 


c. Itisalso useful in separating gases having different densities. 


amolysis: The process of separation of two gases on the basis 
¥ their different rates of diffusion due to a difference in their 
iasities is called atmolysis. It has been applied with success in 
sparating isotopes and other gaseous mixtures. 


Compare the rates of diffusion of 25?UF, and SUF, 
BIB Let the rate of diffusion of 25UF, be r, and that of ^*UF, 
be r. 
Z 
Now, the molecular mass of 73°UF, is 
M, =235 +6 x 19 = 349 
The molecular mass of 7?*UF, is 
M,=238 + 6 » 19 =352 


According to Graham’s law, 


Hi. MA (22 eco 
n Mw, 349 


Thus, r 25UF,) : r CUF) = 1.004 : 1. 
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The relative densities of oxygen and carbon dioxide are 16 and 
Tespectively, If 25 cm? of carbon dioxide effuses out in 75s, 


What me 
Volume of oxygen will effuse out in 96s under similar 
conditions? 


5h 
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| Sol. Here, volume of carbon dioxide 


; xd 
Veo, - 25cm 


Time taken 


Let the volume of oxygen effused be 


Va =V cm? 


05 


Time taken 


lo, = 96 S 
Relative density of carbon dioxide 
dco, = 22 
Relative density of oxygen 
do, = 16 
n dco, 
Now, EF 
"CO, O5 
Fo, 
to, 22 
or = ,/— 
Vco, 16 
Ico, 
Fo, foo, _ 22 
Oo —— ÓÀ = 
to, Fco 16 


Substituting the values, we get 


7 75 
n 22 =1.172 
96 x 25 16 


1.172 x 96 x 25 


= = 37.5cm° 
or Yo, 75 cm 


Thus, the volume of oxygen effused is 37.5 cm’. 


What is the composition of (a) effused gas, (b) the residual gas? 


USok According to Graham's law of diffusion, 


B ^ » l 
Rate of diffusion = Molar weight 


Rate of effusion of H, Mo, 3 


^ 


-4 


7 Rate of effusion ofO, — V Mu, 2 
Volume of the mixture effused = (50 + 50) - 90 = 10 mL 
Let the volume of H, effused be x mL. 

Then the volume of O, etfused will be (10 — x) mL. So 


Der ^ 
or x-—4(10 -x)= 40 — 4x 
or x=8 


Rag Physical Chennstty 
Composition of the etlused gas 
H, = a mL and O, Aml 
Composition of the residual gas 

Hy = SO. Se 42 ul 

and Q, = 50-2 - 48 ul 


A straight glass tube has two inlets x and y at two rie 
length of the tube is 200 em. HCI gas through inlet : wot MEE 
gas through inlet y are allowed to enter the tube atthe same m 
White fumes first appear at a point P inside the tube, Find the 


distance of P trom x. 
Se According to Graham's law of diffusion 


Rate of diffusion of NH, | Mua (i) 
IMMO COEM eters” BE 
Rate of diffusion of HCl; \ Myn, 

e— d —> <—200-d> 


po 
< 200 cm > 


X i 
HCl(g) NH3(g) 


INH. 365 — 
E (aca [2.147 1.465 :1 


"uci 17 
] 
= 200 
RC (1.465 +1) 
4 
j 8 — 81.13 cm 
2.465 


dyn, = 200— 81.13 = 118.87 cm 


One mole of nitrogen gas at 0.8 atm takes 38 s to diffuse through 
a pinhole, while | mol of an unknown fluoride of xenon at 1.6 
atm takes 57 s to diffuse through the same hole. Calculate the 
molecular formation of the compound. 


‘Sol. We know that 


P 
PO = 
VM 
Here, ^4, = — mol s7! 
= — mols” 
ly 


(rate of diffusion of unknown fluoride of xenon) 
For N, 
| Kx 0.08 l 

38 J (1) 
For unknown gas, 

1 Kxll6 - 
sw d 
Dividing (1) by (11), we get 


1 1 08 tn 
— X — = — X 
38 57 16 \ 28 


a 


| M) 
=» = X | 
2 28 


or M = 232 g mol! 
\ nu 
Molar weight of xenon fluoride (XeF,) is 252, 


t2] 


131 + 19x = 252 (Xe - lg. 
or 19x = 252 - 131 7 121 | 
pete T. 

19 


Hence, the xenon fluoride is XcF,. 


A balloon filled with ethylene is pricked with a needle and 
quickly dropped ina tank of H, gas under identical condition, 
After a while, the balloon will 
b. Enlarge 


d. Remain unchanged in siz 


a. Shrunk 
c. Completely collapse 


| l 
. diffu i oc — 
b. Rate of diffusion " 
Hence, H, will diffuse into balloon and its size will 


increase. 
The correct choice is (b). 


are 35 mL and 29 mL, respectively. If the molecular weight of 
chlorine is 71, calculate the molecular weight of ozone. 


‘Sol. | Applying Graham’s law of diffusion, we get 
n fds _ [Mw 
h d, My, 

Wit [Mwy V |My 

or = TL or—-= = 

V, /t My KV Mw 


Hence, molecular weight of ozone is 48.7 g mol. 


At 20°C, two balloons of equal volume and porosity are filled t 

a pressure of 2 atm, one with 14 kg N, and the other with 1 E 

of H. The N, balloon leaks to a pressure of 1/2 atm in 1 h^ 

vod us will it take for the H, balloon to reach a pressure 3 
atm"? 3 


Sol.) We know that 


eo . 1 
pate of diffusion 9 Y Density (i) 


Pressure leaked — 1/2 atm 


‘fusion of N, (ry) = —>, = 
. Rate of diffusio 2 ( x) Time 10h 
l Pressure leaked 1/2 
. n of H, (n, ) = —— = o fettan 
. Rate of diffusion of H; (n) Tim sf 


| ysing Eq. (i), WE get 


ity du; or 2/60, [T 
— "dw, (1/2)/t 14 


5i 
à 


ons are filled with equal moles of hydrogen and 


Two ballo : . 
helium. Which balloon will contract first if holes of same size 


| ge made in them? 
| ra The balloon filled with hydrogen gas will contract first. 


m, —[Mue 


THe g My, 
Since the molecular mass of hydrogen is less, it will diffuse 


faster than helium. 


Acinema hall has equidistant rows | m apart. The length of the 
cinema hall is 287 m and it has 287 rows. From one side of the 
cinema hall, laughing gas (N,O) is released and from the other 
side, weeping gas (C;H,COCH;CI) is released. In which rows, 
spectators will be laughing and weeping simultaneously? 


N20 CgH7 OC! 
I» «—— — 


a= 287 m — 
BD Molar weight of C,H,OCI= 8 x 12+7x 1+ 16+ 35.5 
=154.5g 
Molar weight of N,O =2 x 14 + 16 =44 g 
According to Graham’s law of diffusion, 


^o — |Mauoa | 1545 | 55 =1.87:1 
'ci;oci My,o 44 

1.87 
do = Ti 287 = 187" row from N,O side 


qo4,0c) = ED 
7 2.87 


x 287 = 100" row from weeping gas side. 


Therefore, the spectator from the side of N,O in the 187" row 
will be laughing and weeping simultaneously. Alternatively, 
the spectator from the side of weeping gas in the 100" row 
Will be laughing and weeping simultaneously. 


| Th À 
| ie pt rates of diffusion of ozone as compared to chlorine 
| > Ifthe density of C1, is 35.5, find out the density of ozone. 


A 
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EP - 2 

h d, 
6. 1355 
5 Vd 
d, = 24.65 


127 mL of a certain gas diffuses in the same time as 100 mL 
of chlorine under the same conditions. Calculate the molecular 


weight of the gas. 


20 min to diffuse out of a vessel. 


How long will 40 volumes of oxygen take to diffuse out from 
the same vessel under the same conditions? 


m1: 05,6990. 
"yj, Nd 505 V1 
gots = 
2 x 40 
= 64 min 


Calculate the molecular weight of a gas X which diffuses four 


times as fast as another gas Y, which in turn diffuses twice as 
fast as another gas Z. Molecular weight of the gas Z is 128. 


r —2r, 


n VM, 

128 
LEN WEE 
ror, 
noy. 2 
"A" M, 
M =2 


OS 
5.10 KINETIC MOLECULAR THEORY 
OF GASES 


The various gas laws such as Boyle’s law, Charles’ law, etc, which 
we have studied so far, were based on experimental facts. There 
was no theoretical background for their justification. In order to 
explain the behaviour of gases and answer questions such as why 


5.38 Physical Chemistr i 
y istry Thus, it is quite clear that an overwhelming amount o Ta 


do they exert pressure or why a volume is inversely proportional 


to pressure, etc., it became necessary to develop a molecular 
theory to create a mental picture to provide explanation for our 
experimental observations. Maxwell Boltzmann, Clausius, etc., in 
1857, suggested a theoretical model known as the kinetic molecular 
theory of gases or microscopic model of gases. 

s: The assumptions of the kinetic 
d molecules which cannot be seen. 
give us a microscopic model of 


Microscopic model of gase 
theory are related to atoms an 
Thus, the kinetic theory is said to 
gases. The postulates of the theory are as follows: 

a. Allgases are made up of a very large number of extremely 
small particles called molecules. A 
particular gas are identical in mass and size. 

b. The molecules are separated from one another by large 
spaces. Hence, the actual volume occupied by the molecules 
is negligible as compared to the total volume of the gas. 

c. The distances of separation between the molecules are so 
large that the forces of attraction or repulsion between them 
are negligible. They are completely independent of each 
other. 

d. The molecules of a gas are always in constant random 
motion. During their motion, they collide with one another 
and also against the walls of the container. 

e. The pressure exerted on the walls of the container is due to the 
bombardment of the molecules on the walls of the container. 

f. The collisions of the molecules with each other and with 
the walls of the container are perfectly elastic, i.e., there is 
no loss or gain of kinetic energy. However, there may bea 
redistribution of energy during such collisions. 

g. Since the molecules are moving with different velocities, 
they possess different kinetic energies. However, the 
average kinetic energy of the molecules of a gas is directly 
proportional to the absolute temperature of the gas. 


Justification for the postulates: There is ample evidence in 

favour of the postulates of the kinetic theory as described below: 

a. The first postulate is in accordance with the particle nature 
of matter. 

b. The high compressibility of gases provides ample proof 
of the existence of large empty spaces between the gas 
molecules. The presence of large empty spaces will further 
become clear from the following example: 

Assuming N, molecules to be spherical with radius (r) 
2 x 10 * cm, let us calculate the volume of a molecule and 
percentage of empty space in 1 mol of nitrogen at STP. 

i. Volume of the nitrogen molecule is 


A) = 4x22» (2.00 x 107 em)" 
3 3x7 


= 3.35 x 10°73 cm? per molecule 
ii. Volume of 1 mol (6.02 x 10%) of nitrogen molecules is 
3.35 x 10? cm? x 6.02 x 1023 = 20.16 cm? 
Volume of 1 mol of nitrogen at STP is 22400 cm? 
Empty space = (22,400 — 20.16)cm? = 22379.84 cm? 


22379.84 | 
A Empty space = 22400 x 100 = 99.91% 


Il the molecules of a , 


in a gas is empty and the particles of the gas occupy only. 
tiny fraction of volume. a 
The third postulate is supported by a simple Observat 

that when pressure is released from a highly compress, 
gas, it expands indefinitely, and its tendency to ii 
the whole space available implies that the movement M 


molecules occurs away from one another. This is possib | 


if the attractive forces between the molecules are negligible 


d. Dust particles or smoke particles are found to be in constan 
zigzag movement called Brownian movement. This ;, 


evident due to the fact that they are being tossed about by 


the fast moving molecules of the gas present in air. 

e, Since the molecules are continuously moving, they collide no 
only with one another but also with the walls of the contains, 
Since a large number of molecules are hitting the walls, they 
exert a significant push or an outward force on the walls, The 
force exerted on a unit area of the wall is called pressure 
This concept is supported by the inflation of a rubber balloon 

. ora cycle tube when more and more air is pumped into it 

f. The collisions of gas particles with one another and with the 
walls of the container are perfectly elastic. If it was not so. 
the force of friction would have slowed down the molecules 
after every collision. Ultimately, the gas would have come 
to rest and gradually settled down, but this does not happen. 
So the postulate must be correct. 

g. Onincreasing the temperature ofthe gas, molecular motion 
increases. In other words, individual velocities of molecules 
increase and hence the kinetic energy increases. 


5.11 DIFFERENT TYPES OF 


MOLECULAR SPEEDS 


Molecular speed is generally expressed in terms of 
a. Root mean square speed 
b. Average speed 
c. Most probable speed 
a. Root mean square speed (a or ups): It is the square root 

of the mean of the squares of speeds of various molecules 9 
the gas at a given temperature. If V}, V,, V3, ... are the speeds 
of different molecules, then the total KE of N molecules * 
the sum of the kinetic energies of individual molecules. 


l 2 l 2 ^ 
Total KE = —mV/ +- mV; + 1 V2 Tee 

2 9 - y 
Let V be the velocity possessed by each of the molecules 
Therefore, 


Total KE = Nim y? 


a 


| 4 l 
or —~mxNxVrs— 
2 2 


or Nx VS y yvy... 


>» | l 2 
mV t—mV;4-lmVW + 
2 ^. 2 


V +V +V +o 
N 


. _ Vi + Vy +V +e 
. Ums uM A 


2 312 - 
d PN Cd Hd 


Root mean square speed is given by the expressions 
u 


3PV pnr [P 
m Mw NV Mw d 


dis the density of the gas. 

Average speed: It is the average of the speeds of different 
- molecules of the gas at a particular temperature. 

If Pp Vo Vy ss ate the speeds of different molecules, then 


VERE. Ee 


ee 
Average speed is given by the expression 
B ) SRT 
‚(Or : == 
V (OF Has T Mw 


or u= 0.9213 X uy, 


Of Uns = 1.085 X u,. 


c, Most probable speed (a or lmp): It is the speed possessed 
by the maximum fraction of molecules of the gas at a 
particular temperature. It is given by the expression 


[2RT 
a (OF tmp) = Vw (Mw is the molecular mass of the gas) 


^ 
i a3 XUms = 0.816 x in. 


or Ue 1.224 x U inp 

Relationship between different types of speeds: The 

different types of speeds are related as shown below: 

a(MPV) : u(AV) : u(RMS) = 1 : 1.128 : 1.224 

u(RMS) : (AV) : a(MPV) = 1 : 0.921 : 0.816 

It is observed that the molecular velocity of any gas is 

proportional to the square root of the absolute temperature. 

Average kinetic energy of gas molecules: The average 

kinetic energy of gas molecules can be calculated on the basis of 
the kinetic gas equation. According to kinetic gas equation. 


For 1 mol of the gas, 
1. 

PY = ; Nm [N - N, for 1 mol] 

Also for | mol of an ideal gas, PV — RT 


2 
3 mu = RT 


] 2 
Or LXx-—N,amu- RT or LN -RT 
2 3 2 2 


] 
Now, jm represents the average kinetic energy (KE) of 


fhe molecule. 


3 
E KE= j5T mol! or KE- KT molecule 


Where R 
here k = ja (k is called the Boltzmann constant) 
4 | 
p- RU 83147 K mol” 


N, 6.022 x10" molecules 
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2138 x 10-23 JK-! molecule"! 
Since R or K are constants, it can be concluded that KE of 


gas is proportional to T. 


5.11.1 EXPLANATION OF GAS LAWS BY THE KINETIC 


GAS EQUATION 


The kinetic theory satisfactorily explains the gas laws as described 


below: 


a. Boyle's law: The kinetic molecular theory assumes that the 
pressure exerted by a gas is due to the bombardment of its 
molecules on the walls of the container. Thus, the pressure 
depends upon the number of molecular impacts or collisions 
per unit area of the walls per second. 


If the temperature is kept constant, the average speed 
l 2 
of the molecules E mv «T) remains the same. Now 


if the volume is increased, there will be less number of 
molecules colliding each unit area of the vessel in unit time. 
Consequently, the pressure will decrease. On the other hand, 
if volume is decreased, there will be more molecules in a 
given volume and, hence, pressure will increase. Thus, it 
can be concluded that at a given temperature, the pressure 
exerted by a gas is inversely proportional to the volume. 
This is Boyle s law. 


mal LL e 
Fach ben 


Fig. 5.20 Effect of decrease in volume 


Deduction of Boyle’s law from the kinetic gas equation: 
According to the kinetic gas equation, 


> 2 > 2 | 3 
PV = —mnu = — x — mnu“ = — x — Mu“ 
3 3 2 3 2 


(where m x n = M is the total mass of the gas) 


l 
But 3 Mi? = kinetic energy of the gas 


3 (1) 
Further, according to one of the postulates of the kinetic theorv 
of gases, 


KE œ Absolute temperature (T) 
or KE = kT 


| (ii) 
where k is the constant of proportionality, 
Putting this value in Eq. (0, we get 
? 
p V e: Lal kT m 
3 (ui) 


Hence, at constant temperature, Eq. (iii) becomes 
2V = cons ich i 
PV = constant, which is Boyle's law 
b. Charles" : : 
dinh law: When the temperature of a gas is 
Increase ` kineti ^i i 
eased, the kinetic energy of its molecules Increases, 


2 
[im oC r) - As a result, the velocity of the molecules 
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increases. Consequently, they collide with the walls of the 
container more frequently and more vigorously. Therefore, 
the pressure of the gas is expected to increase. However, 
if the pressure is to be kept constant, the force due to 
molecular collisions on the walls must be kept same. This 
is only possible if the volume of the gas increases, 1.e., if 
the gas expands. On the other hand, if the temperature 1S 
decreased, the average velocity of the molecules decreases 
and, therefore, the pressure decreases. To keep the pressure 
constant, the volume of the gas must decrease so that the 
force due to collisions per unit area remains same. 


Higher temperature 


Low temperature 
(Rapid molecular motion) 


(Slow molecular motion) 
Fig. 5.21 Effect of increase in temperature 

Thus, it can be concluded that at given pressure, the volume 
of the gas increases with a rise in temperature and decreases 
with a decrease in temperature. Hence, volume is directly 
proportional to temperature at constant pressure. This is 
Charles ' Law. 
Deduction from kinetic gas equation: Deducing Boyle's 
law from the kinetic gas equation, we have 


PV- Sk (1) 
This may be rearranged as 
V 2K (ii) 


I 3P 
As in Eq. (ii), 2/3 is constant, k is also constant; hence, if P 
is kept constant, V/T — constant. 
This is Charles’ law. 
c. Dalton'slaw. In the absence ofattractive forces, the particles 
of a gas behave independent of one another. The same is 
true even if there are more than one type of molecules as 
in a mixture of non-reacting gases. Being independent, the 
number of molecules colliding per unit area of the walls 
per second, at a given temperature and for a fixed amount 
of the gas, is same. This implies that the partial pressure of 
the gas will be unaffected by the presence of the molecules 
of other gases. However, the total pressure exerted is due to 
the impact of the molecules of all the gases. Accordingly, the 
total pressure will be the sum of the partial pressures of the 
gases. This is Dalton 5 law. 
Deduction from kinetic gas equation: Let us consider only 
two gases. According to the kinetic gas equation, 


PV= Lom 
3 


1 mmi 
or £= 3 y 
Now if only the first gas is enclosed in the same vessel 
(so that V is constant), then the pressure exerted will be 


1 2 
_ 1 mmm 


Pi” 3° y 


N 


Again, if only the second gas is enclosed in the same i 


(at constant V), then the pressure exerted will be 


_ | manus? 
Pa 3 y 


Now let both the gases be enclosed in the same Vesse 
the gases do not react with each other, the total Dressy, | 
Te | 


exerted will be P 
1 mnu? q dft. 
3 V 3 V 
Similarly, if more than two gases are present, then the tota 


pressure is Pota 7 P1 + P2 t P377 
. Graham's law of diffusion: The rate of diffusion or effusion 
can be assumed to be directly proportional to the root mean 


square speed. Thus 


=p tp, 


JL oz Ha 
h " ii” () 
We know 
2 3PV 3RT 
= OF = 
Mw Mw (i 


Mis the molar mass of gas. 
Using Eq. (ii) in Eq. (1), we get 


3RT. 
Hn _ Mw, 
P, 3RT 
Mw, 
n |My, 
Thus, — = 
ly Mw, 


This is Graham’s law of diffusion. 


Calculate the average kinetic energy of 8 g molecules of methane 
at 27°C in joule. (R = 8.314 J K- mol!) 


“Sol. ) Total kinetic energy = (3 RT ) 


when n is the number of moles 
" $ = 0.5 mol 


Moles of methane = —-————— = 
Molar weight 16 


3 : 
^. KE= 0.5 x 7 x 8.314 x 300 = 1870.65 J 


Therefore, average kinetic energy is 


1870.65 


= =6.2 pe 
603x109 xos 941x107] 


- oe 
ORDER Vy i COUNT T LN 

X M a. AGUNT cS 
ILLUSTRAT. DON 5, 

(Pis Ps Pv Pan" J "eS ION S 


The temperature at which the average speed of a gas molecu!” 
is double at 17°C is 


a. 34°C b. 68°C d. 887°C 


c. 162°C 


ll or 


| foc T,-? 
+ p" 


| (u,,) e VT (i) 
(ti) = 20.91 VP (ii) 
pivide (ii) by (i) 
| (uav) Ti 
| T, - 4T, =4x 290K 
=1160K 


= 1160 — 273 = 887°C 


calculate the ty; of O, molecule at 27°C (R= 8.314 JK mol!) 


| Using SI units: 
Mw of O, = 32 X 103 kg mol"! 


3RT 
— (T=273 + 27 =300K) 
Mw 


l B 3 x 8.314 x 300 
| 32 x 10? 
= 4/233831.25 


= 483.5 ms! 


Using C.G.S. units: 
R=8.314 x 107 ergs K`! mole”! 


Mw of O, = 32 g mol! 


| = 32 


= 4.835 x 10^ cms"! 


| 

. The average velocity of CO, at the temperature 7,K and 
maximum (most) probable velocity of CO, at the temperature 
Kis 9 x 104 cm sl. Calculate the values of T, and T,. 


Bo. Given 
Average speed = Most probable speed 
=9 x 10% cm s! or 9 x 10? m s” 


We know, 
TM, 
and most probable speed = zc (ii) 


My 


Equating equations (i) and (ii), we get 


| 
| Oxygen [Bx8314xT 
| 3.14 x 44 x 1073 


TT -16825K 


and 9 x 10^ — A^ 44x107 


or T, = 2143.4 K 


The energy of an ideal gas is 


b. Completely potential 
d. All the above 


a. Completely kinetic 
c. KE + PE 


a. Completely kinetic 


At what temperature Ums of a gas will become thrice of its 


value at STP? 
E» T (STP) = 273 K 
1,17 
3(Umms)1 _ T. 
(Ursi T 
T, =9T,;=9x273K 
=2457 K 


T2 
Average velocity — M 


w 


1/2 
i.e., average velocity oc (Z) 


" Ww 
Let co, and Cg, be the average velocities of O, and H,, 
respectively, then 


no V2 
v(O;) Mo, si 
v(H,) T, 
M H, 
Ti L 
Mo, Mu, 
1 PET 
32gmol! 2gmor' 
32 
T,= (513 = 16 x 20K -320K 
ILLUSTRATION 577 


Which of the following gases will have the highest RMS 
velocity at 25°C? 


EE b. CO, c. SO, d.CO 
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3 
c. KE per mole = 2 


aor? 
d. CO gas, because root mean square velocity = (5) Hence, it will be different for the two gases. 
jy | 3RT 
L.e., RMS œ e d. Uns = M. 
CO has the lowest molecular mass; hence, it has the T, T, 
highest RMS velocity. Since My, - My, diss An of H 


pra of the following expressions correctly represents the 
relationship between the average molar kinetic energies (KE) 


of CO and N, molecules at the same temperature? 


Arrange the following in order of increasing density: 
Oxygen at 25°C, 1 atm; Oxygen at 0°C, 2 atm; 


a. KEco = KEn, b. KEco > KEn, Oxygen at 273°C, | atm 
c. KEco < KEn, d. All of the above 
a. KEco =KEn, , because and V= P 
— 3 V for O, at 25°C, ] atm 
Average KE = ZRT. It does not depend upon the nature | Rx298 — 
of the gas. l 
V for O, at 0°C, 2 atm 
3 E _ R x 273 _j365R 
The ratio of the root mean square velocity of H, at 50 K to that B 
of O, at 800 K is V for O, at 273°C, 1 atm 
R x 446 
a. 4 b. 2 c. l d. i = =446R 


Hence, the increasing order of density will be O, at 277 


1 atm; O, at 25°C, ] atm; O, at 0°C, 2 atm. 
uu PA ra 2 


um (H, at 50K) - 3, 
ums (O2 at 800 K) «00° . I. How is the pressure of a gas in a mixture related to the ve 


So the correct choice is (c). pressure of the mixture? 
II. | What would have happened to the pressure of a gas ! ™ 


ILLUSTRATION 5.80 collisions of its molecules had not been elastic? 


If for two gases of molecular weights M, and M, at temperatures | Sol, | 


T,and T,, T, M,- T,M,, then which oft the following properties I. Partial pressure of the gas 
has the same magnitude for both the gases? = Mole fraction of the gas x Total pressure 
a. Density hi Pronsuré lH. Pressure would have ultimately become zero becaus: 


molecular collisions would have slowed down to alm“ 
zero velocity, 


c. KE per mole d. Ums 


a. Density of gas (p) = —— 
RT Two bulbs 4 and B of equal capacity are filled with He and SU: 
Since Ms M, respectively, at the same temperature. 
Tg T, a. Ifthe pressures in the two bulbs are same, what ue 
Therefore, at the same pressure p , = p y But if pressure the ratio of the velocities of the molecules of the 
is different, then p, # Pp- gases? 
eal | 

b. The pressure of the gases will be equal if their densities b. At what temperature will the velocity of SO, mol? 


are equals, otherwise not [as in case (a)]. become half of the velocity of He molecules at 27° 


E 
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A 


How will the velocities be affected if the volume of B 
C. becomes four times that of 4? 


How will the velocities be affected if half of the molecules 
^ of SO, are removed from B? 


Let the velocities of He and SO, be v, and Uy. 


b. Let the velocity of He be w,. 


u 
Velocity of SO, = S 

_ BRI u |[3RT, 
a Mye 2 Mso, 
3RT, T 3RT, 
Mye Mso, 


4x4 
Temperature = 1200 — 273 = 927°C 


. . 3PV 
& Velocity given by the relation u = Mw When volume 


increases by four times, pressure becomes 1/4 and PV 


remains constant. So there will be no change in the 
velocities. 


Since velocities do not depend on the number of 
molecules, there will be no change in velocities. 


losrmeniow 5.84 


Caleulate the ro 


» ot mean square velocity of nitrogen at 27? and 


“m pressure. The density of Hg is 13.6 g cm. 


Volume V, at 27°C and 70 cm pressure is given by 


PY, By 
£ Tm 


10cm x y, _ 70cm x 0.0224 cm? 
300K 273K 
": V2 0.026725 cn? 


Pressure P= (2) x 1.01325 x 10° N m? 


= 9,332 x 10*N m? 


BH : 
ILES 


EN 
(39.332 x 104 N m? x 0.026725 mmol! ) 
E 28 x 10? kg mol 


= 517 m s7! 


^N "1 = 4 ee mA 
S NH 


T 


Calculate the RMS velocity of chlorine molecules at 17°C and 
800 mm pressure. 


Here P, = 760 mm Hg, P, = 800 mm Hg 
V, = 22,400 mL, V, =? 
DL = 213 K, T,-290K 


_ H^ D - 760 x 22,400 , 290 


1 mg p 273 800 
Qua 
te rr 


Here, P= 800 mm = 80 cm 

= 80 x 13.6 x 981 dyn cm? 
V — 22,600 mL 
M=71 g mor! 


É x 80 x 13.6 x 981 x no 
Ung 71 


= 0.1018 x 105 cms” 


Two flasks A and B have equal volume. A is maintained at 
300 K and B at 600 K. While A contains H, gas, B has an 
equal mass of CH, gas. Assuming ideal behaviour for both 
the gases, which of the following statement is true about 
the velocities of molecules? | 

a. The molecules in flasks 


A and B are moving with the 
same velocity. 


. The molecules in flask A are moving two times faster 
than the molecules in flask B. 


The molecules in flask B are moving two times faster 
than the molecules in flask A. 


. The molecules in flask A are moving four times faster 
than the molecules in flask B. 


II. 


Two flasks A and B of equal volüme are at temperatures 100 


K and 200 K containing H, and CH,, respectively. Which 


of the following is true about KE per mole (KE - kinetic 
energy). 

a. KE per mole of H, is twice that of CH, 

b. KE per mole of CH, is twice that of H,. 
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c. KE per mole of H, is equal to that of CH, 
d. KE per mole of CH, is thrice that of H}. 

WI. Two flasks A and B of equal volume containing equal masses 
of H, and CH, gases are at 100 K and 200 K temperature, 
respectively. Which of the following is true about the total 
KE (kinetic energy)? 

a. Total KE of H, is four times that of CH,. 
b. Total KE of CH, is four times that of H,. 
c. Total KE of H, is two times that of CH,. 
d. Total KE of CH, is two times that of H}. 
IV. The kinetic energy of molecules at constant temperature 1n 
gaseous state is 
a. More than those in the liquid state 
b. Less than those in the liquid state 
c. Equal to those in the liquid state 
d. None of these 


3 
I. b. KEpermole- "d 


-. KEocT 
KE, _ T, 100 


1 
KE, T, 200 2 


" 8RTz 
į TM pg 
Hy 300 16 
— = ,/— x — =2 
Hp 2 600 


II. a. Total KE = KE (per mole) x Number of molecules 


3 
Total KE, = 7 KT,N, 


Total KE,  7,N, 


l 
' TotalKE,  79N, 2 


3 
IV. c. ASKE- 2 RT in gaseous and liquid phase both. 


5.12 MAXWELL'S DISTRIBUTION OF 
SPEEDS 


It has already been pointed out that a gas is a collection of tiny 
particles separated from one another by large empty spaces and 
moving rapidly at random in all directions. In the course of their 
motion, they collide with one another and also with the walls ofthe 


possible to find out the speeds of individual molecules, B ly 
probability considerations it has become possible to work mr 
distribution of molecules among different speeds. This distrip the 


is referred to as the Maxwell-Boltzmann distribution in hon, | 


the scientists who developed it. It may be noted that the distribu of 
of speeds remains constant at a particular temperature altho, 
individual speeds of molecules may change. Maxwell plot 
fraction of molecules having different speeds against the s 
a particular temperature. The curve sO obtained is show 
5.22 and is called Maxwell’s distribution curve. 


Deeds 
n in Fig 


Urms 
Speed of 


Urms 7 Uay 7 Ump 
= ] : 0.921 : 0.816 


Fraction of molecules 


Speed (cm s!) ——> 

Fig. 5.22 Maxwell's distribution of speeds at a particular temperature 

The important features of Maxwell’s distribution curve ca 
be summed up as follows: 

a. The fraction of molecules with very low or very high 
velocities (speeds) is very small. 

b. The fraction of molecules possessing higher and higher 
speeds goes on increasing till it reaches the peak, and 
thereafter it starts decreasing. 

c. The maximum fraction of molecules possesses a velocity 
(or speed) corresponding to the peak ofthe curve. The speed 
corresponding to the peak of the curve is referred to as the 
most probable speed. 

The most probable speed may be defined as the speed 
possessed by the maximum fraction of molecules at a particular 
temperature. 

Effect of temperature on distribution of speeds: It may be 
noted that the fraction of molecules having the most probable 
remains same so long as temperature remains same. Howevèt 
on increasing the temperature of the gas, the molecular motion 
becomes rapid, and consequently the value of the most probable 
speed also increases. The entire distribution curve, in fact, shi 4 
towards right with a rise in temperature as shown in Fig. 5.2? 
However, the area under the two curves remains same because 
it represents the number of molecules. The rise in temperat 
Increases the fraction of molecules having higher speeds. 


T, —-298K 


= 


he T, > T 
NT; 2308K 
à 
a Y B 


Fraction of molecules ——» 


Molecular speed (cm s!) ———> 
Fig. 5.23 Maxwell's distribution curves at different temperature? 
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13 BEHAVIOUR OF REAL GASES 
2.1 DEVIATION FROM IDEAL GAS BEHAVIOUR 
3 s that obeys the ideal gas laws and follows the ideal gas equation 
AH nRT under all conditions of temperature and pressure is 
bd an ‘ideal gas’. However, there is no gas that obeys the ideal 
equation under all conditions of temperature and pressure. 
ict. the concept of ideal gas is only theoretical or hypothetical. 
experiments show that at a low pressure and moderately high 
gases obey the laws of Boyle, Charles, and Avogadro 


| wimately, but as the pressure is increased or the temperature 


i. decreased. a marked departure from ideal behaviour is observed. 
Fig 5.24 shows, for example, the type of deviation that occurs in 


Bovle s law for H, at room temperature. 


= Real gas (H;) 


Ideal gas 


Pressure —» 


Volume —> 


Fig. 5.24 Plot of pressure versus volume for real gas (H,) and ideal gas 

tis apparent that at a very high pressure, the measured volume 
of H. is more than the calculated volume. At low pressure, the 
measured and calculated volumes approach each other. 

Deviation from ideal behaviour also becomes apparent when 
the PV vs P plot is drawn for several gases at 273 K. 

At 2 constant temperature, PV will be constant (Boyle's law) 
and the PV vs P graph at all pressures will be a straight line parallel 
the to x-axis (Fig. 5.25). 


Fig. 5.25 Plot of PV vs P for real and ideal gases 

It can be easily seen that at a constant temperature, the 
Py vs P plot for real gases is not a straight line. There is a 
Significant deviation from ideal behaviour. Two types of curves 
ate seen. In the curves for dihydrogen and helium, as the pressure 
- -- the value of PV also increases. The second type of plot 
seen in other gases such as carbon monoxide and methane. In 
ese plots, first there is a negative deviation from ideal behaviour. 

€ PV value decreases with an increase in pressure and reaches 
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a minimum valuc characteristic of a gas. After that PV value 
starts increasing. The curve then crosses the line for an ideal gas 
and shows positive deviation continuously. It is thus found that 
real gases do not follow the ideal gas equation perfectly under all 
conditions. 

The equation of state PV = nRT derived from postulates 
of Kinetic Theory of Gases is valid for an ideal gas only. Real 
gases obey this equation only approximately and that too under 
conditions of high temperature and low pressure. The lower the 
temperature and higher the pressure the greater are the deviations 
from ideal behaviour in general more easily liquefiable and more 
soluble gases in water (such as CO,, SO,, NH,, HC] etc.) show 
larger deviations. 


5.13.2 MEASUREMENT OF THE DEVIATION 


The extent to which a real gas deviates from ideal behaviour can 
be conveniently displayed by plotting the ratio of the observed 
molar volume V „to the ideal molar volume P, ideal (7 nRT/P) as a 
function of pressure at a constant temperature. This ratio is called 
the compressibility factor (Z) and can be expressed as 


Z- V, = PV, 
V aifend nRT 


a. In case of an ideal gas, PV = nRT. So Z= 1. 
(under all condition of T and P) 
b. In case of a real gas, PV + nRT. SoZ#1. 
Thus, in case of real gases, the value of Z can be less than 1 
or greater than 1. 
c. Some observations from Z-P plots at 273 K 
i. All gases have Z= 1, at low pressure i.e., they behave nearly 
ideally. 


ii. All gases have Z> 1 at high pressure i.e., PV > PV, jea Thus, 

all gases at high P are less compressible than an ideal gas. 
iii. At intermediate pressure and 273 K some gases (CO, CH,. 
NH, etc.) have Z < 1 i.e., PV < PV... Thus, these gases at 
273 K and intermediate P are more compressible than an 


ideal gas. 


Gases like H,, He at 273 K are seen to be less compressible 
than the ideal gas at all pressure i.e., Z ^ 1. However, if the 
temperature is sufficiently low (e.g., below 108 K for H, 
and below 33 K for He) these gases also give the same type 
of Z-P plots as shown by other gases at 0°C. On the other 
hand Z-P plots of gases like NH,, CO, CH, etc., are similar 
to those of H,, He at 273 K, if the temperature is sufficiently 
high. 

The extent of deviation at any given temperature depends 
upon the nature of the gas. For example, CO, and N, are more 
compressible at low pressures and show negative deviation, but 
they are less compressible at high pressures and show positive 
deviation. Hydrogen gas, on the other hand, always shows positive 
deviation at 0°C. The behaviour of these gases has been described 


by the plot of Z against pressure in Fig. 5.26. The horizontal line 
in the figure refers to ideal behaviour. 
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; Hydrogen 
"C 
Nitrogen 2 at 0°C 


- 


Effect of the volume of molecules 


predominates, Z ^ 1 ^ Carbon dioxide 


at4"C — , 


PV/nRT 


Ideal gas, 
PV/nRT= 1 


Z= 


Effect of molecular 

attraction 

predominates, Z < 1 
Vy > 22.42 of STP 


0 100 200 300 400 500 600 700 800 
— p ——________5 
Fig. 5.26 A plot of compressibility as a function of P for some gases at 0°C 
d. Effect of temperature on deviation from ideal behaviour. 


The Z-P plots of N, at different temperature varying from 
200 K to 323 K (50°C) are shown in Fig. 5.27. It is seen that 
as temperature is raised, the dip in the curve becomes smaller 
and smaller. At 323 K, the curve seems to remain almost 
horizontal for an appreciable range of pressure (from 0 to 
100 atm), showing thereby that Z= 1 under these conditions. 
In other words, the product PV remains constant and hence 
Boyle’s law is obeyed within this range of pressure at 323 
K. This temperature is called the Boyle point or Boyle 
temperature. Below this temperature, Z at first decreases, 
approaches a minimum and then increases as P is increased 
continuously. Above this temperature, Z shows a continuous 


rise with increase in P. The Boyle temperature is different 
for different gases. 


O 100 200 300 400 500 600 
— Pressure (atm) —» 


Fig. 5.27 A plot of Z vs P for N, at different temperatures 


5.13.3 CAUSES OF DEVIATIONS FROM IDEAL GAS 
BEHAVIOUR 
The cause of the deviation from ideal behaviour may be attributed 
to the following two faulty assumptions of the kinetic theory of 
gases: 
a. There is no force of attraction between the molecules of a 
gas. 
b. The volume occupied by the molecules is negligible in 
comparison to the total volume of the gas. 


Evidence for molecular attraction: If assumption 


correct, the gas will never liquefy. However, we know that : m 
do liquefy when cooled and compressed. The molecules of ase, | 
have weak van der Waals forces of attraction. This is also sup a | 
by the fact that when a compressed gas is passed through a Dor 


plug of silk or cotton in adiabatic conditions, the emerging n 
found to be cooler than the entering gas (Joule- Thomson effe, i 
This is because on expansion some work has to be done pi. 
the internal forces of attraction, which requires energy, This energ 


comes from the system itself. 


Evidence for molecular volume: The molecules of a 
however, do occupy a certain volume as can be seen from 
that gases can be liquefied and solidified at a low temperature an , 
high pressure. In the solid state, however, there is a considerable 
resistance to any further attempt at compression. It is, therefore 
apparent that the molecules of a gas must have an appreciable 
volume, which is probably of the same order as that occupied by 
the same number of molecules in the solid state. 


he fact 


van der Waals equation: The general gas equation 
PV — nRT is applicable to ideal gases only. van der Waals in 1873 
modified the gas equation by introducing two correction terms, 
one for the volume and the other for the pressure, to make the 
equation applicable to real gases as well. 


a. Volume correction: As pointed out earlier, the volume of 
the molecules of a gas is not negligible as compared to the 
total volume of the gas. This implies that the molecules are 
not free to move about in the entire volume ( V) we observe. 
Thus, the free volume available to the gas molecules is 
smaller than the observed volume. In other words, the ideal 
volume (V) is smaller than the observed volume (V). Hence, 
a correction term has to be subtracted from the observed 
volume to get the ideal volume. 


If b represents the effective volume occupied by the 
molecules of 1 mol of a gas, then for the amount n of the 
gas, V, is given by 
V,—V-nb 

where b is called the excluded volume or co-volume. 
The numerical value of b is four times the actual volume 
occupied by the gas molecules. 

Excluded volume: If we consider only bimoleculat 
collisions, then the volume occupied by a sphere of radius 


2r represents the excluded volume per pair of molecules 4 
shown in Fig. 5.28. 


Excluded 
volume 


Fig. 5.28 Excluded volume per pair of molecule 
Thus, the excluded volume per pair of molecules !s 


am Qry- er) 


EX cluded volume per molecule is 
l SG il = 43 v 
2L M3 3 


= 4 x Volume occupied by a molecule 


gince b represents excluded volume per mole of the gas, it 
js obvious that 


BENE 3) 
b= Na (im | 


where N , IS Avogadro number, and b is a constant depending 
on the nature of real gas. 
its unit is L mol !, which can be derived as follows: 


| 2n 


— 


b2—-L mol! 


or 


~~ 


Correction for force of attraction: The pressure of a gas 
is due to the force with which its molecules collide with 
the walls of the container. Since intermolecular attractions 
cannot be neglected at low temperatures and high pressures, 
the molecules that strike the walls experience some backward 
drag due to the inward pull of adjacent molecules as shown 
Fig. 5.29. As a result, the molecules strike the walls with a 
smaller force because of the inward pull. Consequently, the 
pressure (P) that we observe is relatively smaller than the 
pressure if there were no attractive forces. In other words, 
the observed pressure (P) is smaller than the ideal pressure 
(P ). Thus. in order to get the ideal pressure (P, a correction 
term has to be added to the observed pressure (P). 


Y. 


9) 

Fig 5.29. Molecule striking the walls experiences inward pull 
Le the correction term be p. So 
Idea! pressure P, — P+ p 
Now, p is directly proportional to the square of the density 
or square of n/V. Thus, 

p £ (nlVf = amlV? 
where a is the constant of proportionality called another van 
der Waals constant. Hence, ideal pressure 

2 


Beppe. 


Here, n is the number of moles of the real gas, V is the 
volume of the gas, and a is the a constant whose value 
depends upon the nature of the gas. 

The value of a gives the idea of the magnitude of attractive 
forces between the molecules of the gas. Its units are atm 
L? mol? or bar L? mol ?, which can be derived as follows: 


an 
pa 
PxV : 
a- L = atm L? mol ? 
n 


T he larger the value of a, the larger the intermolecu 
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lar 


attraction of the gas molecules. 
Substituting the values of ideal volume and ideal pressure, 
the modified equation is obtained as 


2 
E " a (V — nb) =nRT 


where a and b are van der Waals constants. This equation is 
applicable to real gases and is known as the van der Waals 
equation. In Table 5.7, the values of van der Waals constants 
a and b are shown for different gases. 


Table 5.7 van der Waals constants 


a 


| 


0.02661 
3.457 0.02370 
140.842 0.03913 
137.802 0.03183 
657.903 0.05622 
135.776 0.02789 
535.401 0.04424 
553.639 0.03049 
228.285 0.04278 
877.880 0.08445 
150.468 0.03985 
363.959 0.04267 


5.13.4 EXPLANATION OF THE BEHAVIOUR OF REAL 


c. 


GASES BY VAN DER WAALS EQUATION 


At very low pressures, V is very large. Hence, the correction 
term a/V? is so small that it can be neglected. Similarly, the 
correction term b can also be neglected in comparison to V. 
Thus, the van der Waals equation reduces to the form PF 
= RT. This explains why at very low pressures real gases 
behave like ideal gases. 


. At moderate pressures, V decreases. Hence, a/ V? increases 


and cannot be neglected. However, V is sull large enough in 
comparison to b so that b can be neglected. Thus, van der 
Waals equation becomes 


(P. ' =RT 
y? 
or Py +$ -RT 


or PER RT-T 


PV a 
o ë =y a |- = 
RT RTI 
o dw]ew 
RTV 


Thus, the compressibility factor is less than 1. As pressure 
is increased at constant temperature, V decreases so that the 
factor a/RTV increases. This explains why a dip in the plot 
of Z versus P is observed initially. 

At high pressures, V is so small that b cannot be neglected 
in comparison to V. The factor a/V? is no doubt large, but 
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as P is very high, a/V? can be neglected in comparison to 3. Attractive forces among the molecules do ng 


P. Thus, the van der Waals equation reduces to 
P(V-b)- RTorPV- RT4* Pb 
d E or Z= 1+ eia 
RT RT RT 
Thus, the compressibility factor is greater than 1. As P is 
increased (at constant T), the factor Pb/RT increases. This 
explains why after minima in the curves, the compressibility 
factor increases continuously with pressure. 

d. At high temperatures, V is very large (at a given pressure) 
so that both the correction factors (a/V* and b) become 
negligible as in case (a). Hence, at a high temperature, real 
gases behave like ideal gases. 

Explanation of the exceptional behaviour of hydrogen and 
helium: From Fig. 5.26, it may be seen that for H, and He, the 
compressibility factor Z is always greater than 1 and increases with 
an increase in pressure. This is because H, and He have very small 
molecules, which makes the intermolecular forces of attraction in 
them negligible. As a is very small, a/V? is negligible. The van 
der Waals equation, therefore, becomes 

P(V — b) = RT 
or PV=RT+Pb 

Py Pb 


or or US 


. Thus, PV/RT, i.e., Z, is greater than 1 and increases with an 
Increase in the value of P at constant T. 


Significance of van der Waals Constants 

a. Easily liquefiable gases such as SO», NH,, H,S and CO, 
have high values of a than permanent gases such as 
N,, O,, H,, and He. Furthermore, the value of a increases 
with the ease of liquefaction of the gas. Now since an 
easily liquefiable gas has greater intermolecular forces 
of attraction, the value of a is said to be a measure of the 
intermolecular forces of attraction. 

b. As b is the effective volume of the gas molecules, the 
constant value of b for any gas over a wide range of 
temperature and pressure indicates that the gas molecules 
are incompressible. 


Limitations of the van der Waals Equation 

The van der Waals equation is much more accurate than the ideal 
gas equation. It has been found that appreciable deviations can 
be seen even in this equation at very high pressures or very low 
temperatures. The reason is that the values of the van der Waals 
constants a and b do not remain constant over entire ranges of 
temperature and pressure. Their values remain constant only over 
specific ranges of temperature and pressure; hence, the van der 
Waals equation is also valid over specific ranges of temperature 
and pressure only. 


5.13.5 DIFFERENCES BETWEEN IDEAL AND REAL 
GASES 


The main differences between ideal and real gases are given below. 


Ideal Gas 
1. An ideal gas obeys all the gas laws at all temperatures and 
pressures. | | 
2. The volume of molecules is negligible as compared to the 
total volume of the gas. 


ee tte ae 
o KS DL 
Sie 

Sent," 

|: 


| texis ^ 
4. It obeys the equation of state PV = nRT. st 


5. It is hypothetical. 


Real Gas 
1. A real gas obeys gas laws only at very low 
high temperatures. 
2. The volume of molecules is not negligible. 
3. Attractive forces among the molecules do nor. 
particularly at high pressures and low temperatures xig 
4. Itsatisfies the van der Waals equation 


Pressure, " 


( an?) 
(P+ z] V-nb)=nRT 


5. All existing gases are real. 


Note: 
l. Real gases behave in nearly ideal manner at 
temperature and low pressure. 


2. Easily liquefiable gases like CO,, SO,, HCI, NH, et 
deviate more from ideal behaviour. S i 


high 


3. At low pressures, the correction for intermolecular 
attraction ‘a’ is more important than correction for 
molecular volume ‘b’. 


4. The factor an"/V? is called internal pressure of the gas and 
a is a measure of force of attraction between the molecules, 


Greater the value of a, greater is the ease of liquefaction 
of the gas. 


Values of a for some gases are in the order 
SO, > Cl, > C,H, > NH, > HCI > CO, > CH, > N, >0, 
= He> H, 
5. The constant b is called co-volume or excluded volume. 
b=4v_N, 
where v „the volume of a spherical molecule of radius. 


TETE 
3 


Values of b for some gases are in the order 
C,H, > SO, > CO, > O, > H, > He 
6. For any gas, at Boyle temperature Z ~ 1 for an appreciable 
range of pressure. Above Boyle temperature, Z continuously 
increases with increase in P and below, Boyle temperature, 


Z first decreases, approaches a minimum and then increases 
as P is increased continuously. 


1 mol of SO, occupies a volume of 350 mL at 300 K and 50 
atm pressure. Calculate the compressibility factor of the gas. 


V = 350 mL = 0.350 L 


n= ] mol 


T=300K 
We know that Z = d 
n 
50atm x 0.350L 


Z————— T stl 
1 mol x 0.082 L atn K mol x 300K 


D» 


Thu 
pehaviout 


e the pressure exerted by 8.5 g of ammonia (NH,) 
0.5 L vessel at 300 K. For ammonia, a = 4.0 atm 
0.036 L mol. 


jculate ' 
tained ina 
mol) 57 


se Number of moles of ammonia 


^ e 
2 S? _ 9.5 mol 
According to van der Waals equation 


^ 


an 


\ 
p+ nb) =nRT 
CO 


nRT am _ 0.5x0.082x300 40.5% 
p= (P - nb) |^ (0.5-0.5 x 0.036) (0.5) 
= 21.51 atm 


> mol of chlorine gas occupies a volume of 800 mL at 300 K and 
5» 10° Pa pressure. Calculate the compressibility factor of the 
gs (R= 0.083 L bar K^ mol! ). Comment, whether the gas is 
more compressible or less compressible under these conditions. 


Bl Calculation of ideal volume (V;.41) 
nRT  (2.0mol)(0.083 bar K mol ')(300 K) 


ua p (5 x 10° /10°) bar 
= 1.004L 
Now 
i 
qud. SEHE. gd 


A: Zis less than 1, it means that the gas is more compressible 
under these conditions. 


Ca we use Boyle’s law to calculate the volume of a real gas 
from 55 initial state to final state during adiabatic expansion? 
CS No, we cannot use Boyle’s law to calculate volume during 
adiabatic expansion because temperature is lowered during 
adiabatic expansion, i.e., temperature does not remain 
constant, which violates Boyle’s law. 


The compressibility factor of gases is less than unity at STP. 


crefore, 
a V -224L b. Vrs 2241 
c V -224L d. /,-48L 
EB re 
V iaa 
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TEZ <1, then Veg < Vy (66 22.4 Lat STP) 


Hence, the correct choice is (b). 


The density of steam at 100°C and 105 Pa pressure is 0.6 kg 
m3. Calculate the compressibility factor of steam. 


BUD We know 


_ PV (i) 
nRT 
mide A __Aii) 
RT 


PV MPV MP 


z= (wIM)RT wRT dRT 
Therefore, on substituting all the values, we get 
(18 x 10? kg mol!) x 10° (N m) 


c Q(8xi0 kgmol )xIO (Nm ) — 
Z= (Q.6kg m?) x (631 N m K^! mol ') x 373.15 K) 


= 0.967 


The compressibility factor (Z = PV/nRT) for N, at 223 K and 
81.06 MPa is 1.95, and at 373 K and 20.265 MPa, it is 1.10. A 
certain mass of N, occupies a volume of 1.0 dm? at 223 K and 


81.06 MPa. Calculate the volume occupied by the same quantity 
of N, at 373 K and 20.265 MPa. 


SGM) For T= 223 K, P = 81.06 MPa, Z = 1.95, and V= 1.0 dn? 
= 103 cm?, we have 


PV 81.06 x 10° 
2 oe MTS 
ZRT 195x8314x 223 ma 


n 


Now, at T = 373 K, P = 20.265 MPa, Z = 1.10, the volume 

occupied will be 

ps ZnRT - 1.10 x 22.42 x 8314 x 373 
P 20.265 

V253714 dm? 


Calculate the pressure exerted by 22 g of CO, in 0.3 dm? at 300 
K using (a) the ideal gas law and (b) the van der Waals equation. 
Given a = 300.0 kPa dm? mol ? and ^ = 40.0 em? mol |. 


= 3774.0 em 


Ww 2) 


(SG) Moles of CO, - EL 


——————— = — = 0.5 mol 
Molar weight 44g mol 


V= 0.5 dm?, T- 300 K, a = 300.0 KPa dm? mol ? 


b — 40.0 cm? mol ! = 0.04 dm? mol | 


— nRl 
a, From ideal gas law P — - pov" have 


.— (0.5) (8.314) x 300 
0.5 


i = 2494.2 Pa = 2.49 x 10? kPa 


5.50 Physical Chemistry 1078 133.5 P 
= 1,335 x 10° cm = 125.5 tm 


b.From the van der Waals equation, we get 


V-n y? | 
(0.5) x (8.314) x 300 _ (0.5? x (300) 

= (0.5) - (0.5) (0.04) (0.5) 

= 2598.12 kPa — 300 kPa = 2298.12 kPa 


Two van der Waals gases have the same value of b but different 
values of a. Which of these will occupy greater volume under 
identical conditions? If the gases have the same value of a but 
different values of b, which of them will be more compressible? 


“Sol. When two gases have the same value of b but different 
values of a, the gas having a larger value of a will occupy 
lesser volume. This is because the gas with a larger value 
of a will have larger forces of attraction and hence lesser 
distance between its molecules. 


When two gases have the same value of a but different values 
of b, the smaller the value of b, the larger the compressibility 
because the gas with the smaller value of b will occupy lesser 
volume and hence will be more compressible. 


What is the value of b (van der Waals constant) if the diameter 

of a molecule is 2.0 A? 

. a.=2.4mL mol! 

) c. x72 mL mol! 


d. b=4 x volume occupied by the molecules in 
] mol of a gas 


b. 24.8 mL mol! 
d. «9.6 mL mol! 


= Ax x N, 


4 
= Ax Cx 3.1 (1x10 em)? x 6x10? 


= 96 x 107! = 9.6 mL mol"! 
Alternatively 
Use Direct formula: 
b = 96 x 10? x P= 96 x 102 x (105? = 9.6 mL mol"! 


Calculate the molecular diameter of helium from its van der 
Waals constant b. (b = 24 cm? mol!) 


EID Since b= 4 x Volume occupied by the molecules in | 
mol of a gas 


or b= 4N, e nr’) 


| 3b ) 
"r= 
16 Nx 


3 x 24 as 
= |16(6.023 x 107) c 


TOLL 
" 


d=2r=2 * 133.5 Pm = 267 Pm 


Alternatively 
b = 96 x 107° p 


I. The internal pressure loss of 1 mol of van der Waal 


| 
. 4 $ 
over an ideal gas is equal to ET 


ra T». 
y? UN 
Il. The van der Waals equation for CH, at low pressure is 


5; PV =RT-+ 
V 


a. Zero b. b? c. 


a. PV - RT- Pb 


c. PV=RT +5 d. PV=RT+ Pb 


Ill. Which of the following can be most readily liquefied? Th, 
given value of a for NH, is 4.17, CO, is 3.59, SO, is 67; 
and Cl, is 6.49. ' 


IV. Out of NH, and N,, which will have 


a. larger value of a b. larger value of b 


a 

Lb us tyr is the pressure of the ideal gas, while P is the 
pressure of the real gas. Therefore, a/V? is the difference 
Hence, the correct choice is (c). 


II. The van der Waals gas equation for 1 mol of gas is 
a 
Gr (V -b)- RT 


At low P, volume is high. So 
(V—b).V 
a 
or PV= RT= = 
V 
Hence, the correct choice is (b). 

III. The van der Waals constant a shows the force of attract 
between two molecules. Hence, the higher the value 4 
the higher the attraction. Therefore, the gas will be read? 
liquefied. Therefore, SO, will be readily liquefied. | 

IV. a. NH, will have a larger value of a because of H-bondils - 


T ef 
b. N, will have a larger value of b because of late 
molecular size. | 


i n 
If volume occupied by CO, molecules is negligible Us 


gal | 
gà | 


calculate pressure | exerted by one mole of CO; 


P 
35.271 7 
300 K. (a = 3.592 atm L? mol?) 


ge (P+ 7 


2 
ait | (V — nb) = nRT 


a 
S [(V-b)2RT 
(r+) ) 


If bis negligible 
RT a 
p= y y? 


The equation is quadratic in V thus 
+RT + ROT? — 4aP 
2P 


Since has one value at given P and T, thus numerical value 
of discriminant = 0 


y - 


RT = 4aP 
is R°T? (0.821) (300)? 
^ 4a 4 x 3.592 
E g 
5971 


II, 


M, 


According to the real gas equation, Z is equal to 1 for an 
ideal gas and Z is variable for a real gas. Suppose, in order 
to easy our calculations, we fixed Z = 1 for real gas and for 
ideal gas Z will become variable. Z vs P for an ideal gas 
will be similar to: 


The curve drawn below shows the variations of P as a 

function of 1/V for a fixed mass and temperature of an ideal 

gas. It follows from the curve that: 

a. L L-T, b. T,>1,>T, 

6 TT ET. d. Nothing can be predicted 
about temperatures 


If two gases have the same value of b but different values 
of a (a and b are van der Waals constants), which of the 
following statements is wrong? 


II. 


HI. 


IV. 
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a. The gas having a larger value of a will occupy less 
volume. 

b. The gas having a larger value of a will occupy more 
volume. 

c. The gas having a larger value of a will have higher 
forces of attraction. 

d. The gas having a larger value of a will have lesser 
distance between the molecules. 

If two gases have the same value of a but different values 

of b (a and b are van der Waals constants), which of the 

following statements is wrong? 

a. The gas having a smaller value of b has larger 
compressibility. 

b. The gas having a smaller value of 5 will occupy lesser 
volume. 

c. The gas having a smaller value of b has lesser 
compressibility. 

d. Both (a) and (b). 


b. For ideal gas PV = nRT 


nRT 
V 
Therefore, the slope increases with temperature. 


or P= 


Which gas will liquefy easily (a and b are van der Waals 
constants)? 


a. Larger values of a and b 

b. Smaller value of a but larger value of b 

c. Smaller values of a and b 

d. Larger value of a but smaller value of b 

The rise in compressibility factor (Z) with increasing 
pressure of a gas is due to 

a. van der Waals constant a 

b. van der Waals constant b 

c. Both (a) and (b) 

d. Not related to either a or b 

At which of the following conditions can a gas be liquified? 
T, and P, are critical temperature and pressure. 

a. T= T and P< p. b. T<T and P= P. 

e T>T,and P< P, d. T< T, and P< P. 

Two equal-volume flasks A and B containing equal masses 
of H, and CH, are at 100 K and 200 K, respectively. 
Assuming ideal behaviour, Which of the following 
statements about the compressibility factor (Z) is true? 

a. ZofH, =Z of CH, 

b. ZofH, = AZ of CH, 

c. Zof H, = 16Z of CH, 

d. Z of H, = 2Z of CH, 
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|l d. 

il. b (P (V -b) =RT 
Ignoring a/V?, since P is large 
P(V — b) - RT 
PV-Pb-RT 
Dividing by AT, we get 


Z increases as b increases, so it is independent of a. 


III. b. a. Incorrect since P 2 P.. 
b. Correct since P = P, and T < Ct 
IV. a. Both gases will have the same compressibility factor, 
i.e.. 1, since both of them are ideal gases. 


The van der Waals constants for a substance are a — 300.003 kPa 
dm mol? and b = 40.8 cm? mol-"!. Find the critical constants 


of this substance. 
“Sol. Given 
a = 300.0 kPa dm® mol? 
b = 40.0 cm? mol! = 40 x 10? dm? mol"! 


L V, =3b=3 x 40.0 cm? mol"! = 120.0 cm? 


" 8a 
Hu. P. = 2 
27b 
8x300  _ 2400x10" 
27 x (40 x10°)? 43200 
= 0.055 x 106 kPa 
ü pa 
€ 27 Rb 
H 8 x 300 _ 2400 
27 x8.314x40x10° 8979.12 
= 0.2672 ⁄ 103 = 267 K 
Hence, V, = 120.0 cm, P= 0.055 x 10° kPa, 


T, -267 K 


I. The temperature below which a gas does not obey ideal gas 
laws is 


a. Critical temperature 
c. Boyle temperature 


b. Inversion temperature 
d. Reduced temperature 


II. An ideal gas obeying the kinetic theory of gases sili 
e 


liquefied if 4 
a. Its temperature is more than its critical temperature | 


b. Its pressure is more than its critical pressure (p ye 
c. Its pressure is more than P, at a temperature lé da | 
$ thay 


1M 
d. It cannot be liquefied at any value of P and T 
I. Which of the following relations is incorrect? 
a. a=3 p b. b-V/3 
c. T,= 8a/27 Rb d. b=3 V, 
IV. The critical temperature of a substance is 
a. The temperature above which a substance can exist only 
as a gas 
b. Boiling point of the substance 
c. All are wrong. î 
d. Both (a) and (b) 

V. Considering the graph, which of the 
following gases have the highest 
critical temperature Te ? 

a. i b. ii 
c. iii d. iv 


Z 
1.0 


I. c. Boyle temperature 
II. d. It cannot be liquefied at any value of P and T. 


II. b. b= ua 
3 


IV. b. The critical temperature of a substance is the 
temperature above which a substance can exist only 


as a gas. 


Gases possess characteristic critical temperature (T) which 
depends upon the maganitude of intermolecular forces between 
the gas particle. T, of NH, and CO, are 405.5 K and 304.10 § 
respectively. Which of these gases will liquefy first when yo 
start cooling from 500 K to their critical temperature? 


Sol. | NH, will liquefy first because its critical temperature will be 
reached first. Liquefication of CO, will require more coolins 


5.14 OTHER EQUATIONS OF STATE 
FOR REAL GASES 


Berthelot’s equation: The Berthelot equation is given by 


na 
(P * ur) (V — nb) - nRT 


where a and b are constants called Berthelot's constant 

(dif ferent from van der Waals constants), and these constants ?' 

characteristics of the gas. 

Dieterici’s equation: The Dieterici equation of state is 
[ P exp(na/VRT)] [V — nb] = nRT 

where a and b are constants and are characteristics of the gas: 


given by 


Is 


t5 
je 


by 


gria e equations of state (van der Waals, Berthelot, Dieterici). 

jl nes equations of state can be expressed approximately 

A me ril equation of state. The virial equation of state for 1 
the 


sd of à gas 15 


PVin - |ui eec diet is 
ZF RT V E 


m m m 


B, C, D, .. are temperature-dependent constants known as 
jan third, fourth, ... virial coefficients. 
se 


Jes temperature (T): It is the temperature at which a real 

* exhibits almost ideal behaviour for a considerable range of 
gas on Different gases have different values of T,, which is 
m ed to the van der Waals constants a and b as follows: 


D alRb 


Joule-Thomson effect: When a compressed gas is allowed to 
expand through a small orifice, cooling effect is caused and tem- 
erature falls. This 1s known as the Joule-Thomson effect. It was 
later observed that the Joule-Thomson effect is observed only if 
the gas goes below a certain temperature (which is different for 
different gases). This temperature is called inversion temperature 
(T). It is related to the van der Waals constants as follows: 


a. Cooling effect is caused only during expansion if the 
temperature of the gas is less than its T.. 


b. Ifthe temperature ofthe gas is greater than its T, then heating 
effect, i.e., negative Joule- Thomson effect is observed. 


c. Expansion of the gas at its T, does not show cooling or 
heating effect, i.e., at T, the Joule- Thomson effect is zero. 


5.15 LIQUEFACTION OF GASES 


According to the kinetic theory of gases, gases consist of tiny 
molecules widely separated from one another by large empty spaces 
(voids). The molecules are in a state of continuous rapid motion 
with negligible attractive forces between them. Every molecule 
has almost independent existence. This is particularly so when 
temperature is high and pressure is low. When the temperature 
of the gas is lowered, the volume of the gas and also the kinetic 
energy of the molecules decrease. The molecules become sluggish, 
and molecular motion becomes slow. The molecules come closer 
ause they are unable to resist the attractive forces that start 
Operating between them. As the process of decrease in temperature 
Continues, the gas molecules go on moving closer and closer. 
Itimately, at a sufficiently low temperature, the voids between 
the molecules become less than 10-5 cm and the gas changes into 
quid. The effect of bringing the gas molecules closer and closer 
“an also be achieved by increasing the pressure because this also 
Causes a decrease in the volume of the gas. Thus, liquefaction 
0 gas can be achieved by a decrease in temperature and by an 
crease in pressure as shown in Fig 5.30. 


Decrease in temperature 
Increase in pressure 


Liquid 
(Voids: 10° — 10? cm) 
Fig. 5.30 Liquefaction of gases 


as 
(Voids > 19? cm) 
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yation: The virial equation is an equation common to 5.16 CONCEPT OF CRITICAL 


CONSTANTS (ANDREW ISOTHERM) 


In the previous section, we studied that a gas can be liquefied both 
by decreasing temperature and by increasin g pressure. Forexample, 
sulphur dioxide can be liquefied at 265 K if pressure is 1 atm. It can 
also be liquefied at 293 K if the pressure is increased to 3.25 atm. 


The effect of temperature, however, is more significant than 
pressure. This was proved by Thomas Andrew (1861) who studied 
the effect of temperature and pressure on a volume of CO, gas. 
He measured the volumes of carbon dioxide at different pressures 
keeping the temperature constant in his experiments. The plots 
of P vs V at different temperatures (called isotherms of carbon 
dioxides) have been given in Fig. 5.31. 


Gas 


30.98°C (T) 


E \ 
Liquid == Vapour i 
O Vo 
Volume 
Fig. 5.31. Volume isotherms of carbon dioxide 


At a low temperature (13.1°C, i.e., 286.2 K), CO, exists 
as gas at low pressure as shown by point A. As the pressure is 
increased, the volume of gas decreases along the curve AB. At 
point B, liquefaction starts. Hence, volume decreases rapidly along 
the line BC because a liquid has much less volume than a gas. At 
the point C, liquefaction is complete. Now a further increase in 
pressure has very little effect upon the volume because liquids are 
very less compressible. Hence, a steep curve CD is obtained as 
shown in the figure. Thus, along the portion AB, carbon dioxide 
exists only as gas, along the portion CD only as liquid and along 


the portion BC, the liquid and the vapour are in equilibrium with 
each other. 


The isotherm EFGH at 21.5°C (294.6 K) is similar to that at 
13.1°C (286.2 K) except that the horizontal portion over which 
the liquefaction occurs is shorter. In fact, as the temperature is 
raised, this portion becomes smaller and smaller (as indicated 
by the dotted boundary curve), and finally at 30.98°C (304.1 
K), it is reduced only to a point. In the isotherms above 30.98°C 
(304.1 K), the horizontal portion completely disappears. This 


shows that above 30.98°C, the gas does not liquefy at all howsoever 
high pressure may be applied. 


The point X is called the critical point, and the temperature 
corresponding to point X is called the critical temperature. The 
experimental study of carbon dioxide and other gases revealed that 
for every gas there is a certain temperature above which it cannot be 
liquefied howsoever high the pressure may be. The kinetic energy 


of gas molecules above this temperature 1s sufficient enough to 


l . l " 
overcome the attractive forces. This temperature 1S referred 


as critical temperature of the gas. T per 
the gas may be defined as the temperature above which it cannot 


be liquefied by application of pressure. In other words, a E 
remains in the gaseous state above its critical temperature. : 
order to liquefy it by compression, it has to be cooled to e 
temperature. Critical temperature is denoted by 7.. For examp'e, 
T. of CO, is 304.1 K = 30.98°C. 


Critical pressure (P): The pressure r 
critical temperature is called critical p 
value of P, for CO; is 73.9 bar. 

y: The volume of | mol of a gas at critical 
al pressure 1s called critical volume. For 


i , ict à; 
5.54 Physical Chemistry Table 5.8 Critical constants for some substances | 


he critical temperature of 


equired to liquefy a gas at 
ressure. For example, the 


Critical volume (V, 
temperature and critic 

~ yy ~ . 3 =l 
example. the value of I’, for CO, is 94.0 cm mol”. 


It may be noted that the parameters LT and V, for a gas 


are collectively called critical constants. 
Ata high temperature (1.e., 50°C), the isotherms look like that 
of an ideal gas and no liquefaction occurs even if the pressure is 


very high (isotherm given at 50°C). 


5.17 CONTINUITY OF STATE 


In Fig. 5.31, end points of the horizontal lines have been connected 
by dots. This portion is known as surface of discontinuity. It 
separates the liquid state from the gaseous state. Within this 
curve, the liquid and the gas coexist. Because of this coexistence 
curve, it is possible to distinguish between the two states of 
matter, namely, gas and liquid. However, this is not always 
true in practice because it is possible to change a gas into 
liquid or a liquid into gas by a process in which always a single 
phase is present. For example, in Fig. 5.31 we can move from 
point A to J vertically by increasing the temperature. Then we 
can reach the point K by compressing the gas at a constant 
temperature along this isotherm (isotherm at 31.1°C). The 
pressure will increase. Now we can move vertically down towards 
L by lowering the temperature. As soon as we cross the point L 
on the critical isotherm, we get liquid. We end up with liquid, but 
in this series of changes, we do not pass through the two-phase 
region. If the process is carried out at the critical temperature, the 
substance always remains in one phase. ' 
Thus, there is continuity between the gaseous and liquid states. 
The term fluid is used for either a liquid or a gas to recognise this 
continuity. Thus a liquid can be viewed as a very dense gas. Liquid 
gas can be FENCE only when the fluid is below its critical 
emperature and its pressure and vol j i 
in that situation liquid and gas are i S R rface 
a surface 
separating the two phases is visible. In the absence of this surface 
there is no fundamental way of distinguishing between the bo 
states. At the critical temperature, the liquid passes into gaseous 
state imperceptibly and continuously, and the surface separating 
the two phases disappears. A gas below the critical temperature 
can be liquefied by applying pressure and is called vapour of the 
substance. Carbon dioxide gas below its critical temperature is 
called carbon dioxide vapour. The critical constants for some 
common substances are given in Table 5.8. 


Relationship between critical constant and van der Waah 
constants: The critical constants of a gas are related to ih 
van der Waals constants as follows. These relations have bee, 
derived from the calculations based on the van der Waals equation, 
a. V,=3b 
b. P a/27b* 
c. T, = 8a /27Rb 
d. The critical compressibility factor Z, is given by 
7 PY _ (2/270) 30) 
c RT, R[8a/27 Rb] 
ax3bx27Rb_ 3 


= = 0,375 
Rx8ax27b)) 8 


2 
a =Ë 1:2=8:2:5 
Rb? 21 

Critical point: Critical point refers to the state of a substance at 
critical temperature and critical pressure. Some significant features 
are as follows: 


e At the critical point, the density of the substance in gaseous 
and liquid states remains same. 


* The surface of separation between liquid and gas disappears 
and there is no distinction between liquid and gaseous states. 

e No second phase is formed irrespective of the pressure al 
the system. 


* Gases below their critical temperatures are called vapour 


* Fluids above critical temperature are called super critici 
fluids. Such fluids dissolve many organic substances: 
These are used for speedy separation of a mixture into 
its components. Carbon dioxide above 31.1°C and 600 
bar pressure has a density around 1 g cm” and js use 
to remove caffeine from coffee beans instead of using 
chlorofluorocarbons, which are not environment friendy" 


T<T <7 BE gt e 
e. : —— 
c "b "iN97Rb Rb 


5.18 THE LAW OF CORRESPONDING | 


STATES 


Reduced equation of state: The van der Waals equation uf E 
written in a form which does not contain any constant character! i 
of individual gases. Such an equation is applicable to all gase* 
order to obtain this equation, we need to define reduced press ° 
reduced temperature, and reduced volume as follows: 


Reduced pressure (P) = P 


c 


} 


Te Vs ~e 


~v 
- 


T 

aod ced temperature (5 T 
x 
peduced volume (V,) = 7 


P,T=T T, andV- VV 

C rc rc 

these expressions of pressure (P), temperature 
(V) in the van der Waals equation. 


Thus. P= P, 
gybstituting 
and volume 


Tet e-hem 


m 


m 
We get 


pp +——t | (VV, - b) - RTT, 


(V, V.) J 
We know that 


EL opes 8a y -3b 
yw © 27Rb 


So on replacing Po Vo and T, in terms of a, b, and R, 


we get 
p Sca tol Gb - 2 nr, (| 
|'xb V; GDY "\27Rb 


3) 
í e t 9 (Y, = 1) = ST, (i) 


Equation (i) is known as the reduced equation of state. It 
does not contain any constant which is characteristic of a gas and, 
therefore, it is applicable to all gases. 


According to the law of corresponding states, if two gases 
have the same values of reduced pressure and temperature, they 
will have the same reduced volume. 


Relationship between Z and the reduced equation of state: The 


compressibility factor (Z) is PV „/RT. Substituting P, V „and T in 
terms of reduced P, T „and V, we get 


PV 
Je 
RT 
= (T) VV.) — (=) (=) 
R(TT,) TT. 
Ly, 3 
8 
3 PV 
Z= as m s 
8T ...(Hl) 


The right-hand side of Eq. (ii) does not contain any constant 


and is į 
T is independent of the nature of gas, and hence the value of Z 
Same for all gases. 


5.19 LIQUID STATE 


3 fin state is the intermediate state between the gaseous and 
state than us intermolecular forces are stronger in the liquid 
ient ivi gaseous state. The molecules of liquids are held 
Beis e : vis intermolecular forces. They are so close that 
nditio QE Ittle empty space between them, and under normal 
ns, liquids are denser than gases. Liquids have definite 


volu 
However, the molecules can 


liquids can be made to | 
shape of the container in which they are $ 


liquids gives some characteristic properties 
but no definite shape. incompressibility, 
viscosity), evaporation (or vapour pressu 
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les do not separate from each other. 
past one another freely. Therefore, 
de to flow, can be poured, and can assume the 
tored. This behaviour of 
such as definite volume 
diffusion, fluidity (or 
re), surface tension, etc. 


me because their molecu 


The characteristic properties of liquids are explained below. 


5.19.1 PROPERTIES OF LIQUIDS 


a. Shape: Liquids have no definite shape. They take up the 
shape of the vessel in which they are put. This 1s because 
their molecules are in a state of constant rapid motion. 


b. Volume: Liquids have a definite volume. Their volumes 
do not depend upon the size or shape of the container. In 
liquids, the forces of attraction between the molecules are 
stronger and the molecules are closer to each other. Liquid 
molecules are not completely free to move. 


c. Density: Liquids have much higher density than gases. In 
liquids, molecules are quite closely packed. Therefore, their 
densities are much higher than the densities of gases under 
comparable conditions. For example, the density of water 
at 373 K and | atm pressure is 0.958 g cm, while that of 
water vapours at the same temperature and pressure is equal 
to 0.000588 g cm”. 


d. Compressibility: Liquids are much less compressible than 
gases. This is because the space between the molecules of 
liquids is reduced almost to a minimum by intermolecular 
attraction. Therefore, liquids are much less compressible 
than gases. 

e. Diffusion: Liquids diffuse like gases, but the diffusion iS 
much slower. The slow diffusion in liquids can be explained in 
terms of smaller intermolecular spaces and restricted motion 
of molecules. Diffusion in liquids can be demonstrated by 
releasing a drop of ink in water. At first there is a sharp 
boundary between ink cloud and water. Eventually, the 
colour spreads uniformly throughout the water. l 

f. Evaporation: When a liquid is placed in an open vessel, 
its molecules constantly move in different directions with 
different velocities. Thus, as these molecules are moving with 
different speeds, they possess different kinetic energies. At 
any particular temperature, the energies of some molecules 
may be higher so that they can overcome the forces of 
attraction of the neighbouring molecules and can leave the 
liquid and come above the surface ofthe liquid. This process 
is called evaporation. Evaporation is a natural process. It 
occurs spontaneously at all temperatures. 

Evaporation causes cooling: During evaporation, the 
molecules laren kinetic energy get evaporated. The miGlecules 
remaining in the liquid state have lesser energy, : > 
temperature gets lower, This is the uu E A " 
cooling. m uid 


n wi ` "4* "n 3 i. e 
Factors affecting the rate of evaporation: The factors that affect 
the rate of evaporation are as follows: 


a. Temperature: The rate of evaporation increases with an 
increase in temperature. At a higher temperature, the fraction 
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of molecules having sufficient kinetic energy to escape from 
the surface increases. This results in an increase 1n the rate 
of evaporation. Fig. 5 32 shows the change 1n evaporation 
with a rise in temperature. 


Fraction of molecules — > 


KE ——> 
Fig. 5.32 Energy distribution graph 


b. Surface area of liquid: Evaporation is a surface phenomenon. 
High energy molecules from the liquid can go into the gaseous 
phase only through the surface. Therefore, the greater the 
surface area of the liquid, the greater the rate of evaporation. 


c. Nature of liquid: Liquids having weaker intermolecular 
forces of attraction can easily pass into the gaseous phase from 
the liquid phase. Therefore, the rate of evaporation is higher 
in such liquids. For example, dimethyl ether evaporates ata 
much faster rate than ethyl alcohol. A liquid which evaporates 
more readily is described as being more volatile. 


5.19.2 VAPOUR PRESSURE 


If a liquid is placed in a closed vessel, its molecules may go into 
the gaseous phase from the liquid phase due to evaporation. 


As time passes, more and more molecules leave the liquid 
and come above the surface of the liquid. The molecules present 
above the liquid surface are called vapours. These molecules in 
the vapour phase are also constantly moving, and some of them 
strike the surface of the liquid, which may be recaptured by the 
liguid. The process is called condensation. 


In the beginning, the rate of evaporation is high. However, 
as more and more molecules with higher energy leave the liquid, 
the rate of evaporation decreases with time. On the other hand 
as the number of molecules in the vapour phase is very small in 
the beginning, the rate of condensation is very low. However 
with the passage of time, as the number of molecules in the 
vapour phase increases, the rate of condensation also increases 
(Fig. 5.33). Ultimately, a stage is reached when the rate of 
evaporation becomes equal to the rate of condensation, i.e., equal 
number molecules leave and re-enter the liquid at the same time 


Equilibrium point 


Rate ———» 


— ——» Time 


Fin. 5.22fa) Attainment of equilihniim 


Initial state Intermediate Equilibrium 


state State 
Fig 5.33(b) Diagrammatic presentation of attainment of equilibrium 
(Liquid ———— Gas) 

This state is called the state of equilibrium. The pressur 
exerted by the vapour at this stage (as indicated by a manom " 
is called the vapour pressure. It is sometimes called the Saturated 
vapour pressure because the vapour phase is saturated with vapoy, 
at this stage. 


Hence, the vapour pressure of a liquid at any temperature i; 
defined as the pressure exerted by the vapours in equilibrium with 
the liquid at that temperature. 

The vapour pressure of a liquid depends upon the following 
factors: 

a. Nature of liquids: More volatile liquids have higher vapour 
pressures. 

b. Temperature: As temperature increases, the vapour 
pressure increases because at higher temperatures, larger 
number of molecules escape into the vapour phase. The 
vapour pressures of some common liquids at various 
temperatures are given in Fig. 5.34. 


8004 Normal 
760 {boiling point _ 


Vapour pressure (mm Hg) 
Un 
Se 
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213 293 313 


333 353 373 
Temperature (K) 


aads 
Fig. 5.34 Vapour pressure versus temperature curve of some common tiq 
Boiling: Boiling isa s 
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" js, During boiling, evaporation is not restrict 
ph eS 


bu but takes place throughout the bulk of the li 
ont 


ed to the surface 
quid, 
"the process of boiling can be understood as follows: 

When a liquid is heated in an open vess 


el (Fig. 5.35), the 
g vapourises from the surface. At the ten 


«eui - up. M:perature at which 
k vapour pressure of the liquid becomes equal to the external 


sure, Vapourisation occurs throughout the bulk of the liquid 
in apours expand freely into the surroundings. The condition 
and - vapourisation throughout the liquid is called boiling. The 
a rerit at which the vapour pressure of a liquid is equal to 
ever pressure is called the boiling temperature at that 
gssure. At 1 atm pressure, the boiling temperature is called 


pormal boiling point. If the pressure is 1 bar, then the boilin 
< called standard boiling point 
D «| 


af the liquid. The standard 
boiling point of a liquid is 
gightly lower than the normal 
boiling point because 1 bar 
pressure is slightly less than 1 
am pressure. The normal boiling 
point of water is 100°C (373 K); 
its standard boiling point is 
006°C (372.6 K). 

At high altitudes, atmospheric 
pressure is low. Therefore, liquids 
x high altitudes boil at lower 
iemperatures in comparison to 
that at the seal level. Since water 


boils at a lower temperature on hills, a pressure cooker is used 


ior cooking food. In hospitals, surgical instruments are sterilised 
m autoclaves in which the boiling point of water is increased by 
mcreasing the pressure above the atmospheric pressure by using 
2 weight covering the vent. 


g point 


Atmospheric 
pressure 


Fig. 5.35 Boiling of a liquid 


Boiling does not occur when a liquid is heated in a closed 
vessel. On heating continuously, vapour pressure increases. Atfirsta 
clear boundary is visible between liquid and vapour phases because 
tte liquid is denser than vapour. As the temperature increases, 
“ore and more molecules go into vapour phase and the density 
of vapours rises. At the same time, the liquid becomes less dense. 
I expands because molecules move apart. When the densities of 
the liguid and vapours become same, the clear boundary between 

! disappears. This temperature is called critical temperature 
bout which we have already discussed. 

Difference between boiling and evaporation: Both boiling and 
WVaporation involve conversion of liquid into vapours and appear 
tobe similar. However, they differ in some respect. The differences 
4€ listed below: 

Table 5.9 Difference between boiling and evaporation - 
-Evaporation 

4. Evaporation occurs at the 
Surface of a liquid, 


box Boiling — 
a. It involves the formation of 

bubbles even below the surface 

within the bulk of the liquid. 
b. It occurs only at a specific 
temperature at which the 
vapour pressure equals the 
imposed pressure on the 
liquid surface. 


* If occurs spontaneously at 
all temperatures. 


. It is a rapid phenomenon. 


Heat of vapourisation or enthalpy of vapourisation (A pH): 
The amount of enthalpy required to convert a liquid into gas at a 
constant temperature is known as the enthalpy of vapourisation. 
Molar enthalpy of vapourisation (A, pH) is defined as the 


amount of enthalpy required to convert | mol of a liquid to gas at 
the boiling point of the liquid. 


The greater the intermolecular forces of attraction present in 
a liquid, the greater the enthalpy of vapourisation and the higher 
the boiling point. For example, the enthalpy of vapourisation 


and boiling point of water are more than those of ether, acetone, 
benzene, etc. 


9.20 SURFACE TENSION 


This property of liquids is related to the strength of interparticle 
forces. A molecule well within the bulk of a liquid is uniformly 
attracted in all directions by the neighbouring molecules. 


Surface molecule: 
net attraction 
into the liquid 


Interior molecule: 
attracted in 
all directions 


Fig. 5.36 Forces acting on a molecule on the surface and on a molecule 
inside the liquid 


The net force of attraction acting on such a molecule is almost 
Zero. A molecule at the surface of the liquid has no upper molecules 
to participate in attraction. This creates an imbalance of forces at the 
surface as shown in Fig. 5.36. C onsequently, the molecules at the 
surface experience a resultant inward pull and the surface behaves as 
if it were a stretched membrane or were under tension. For a plane 
surface, the force acting parallel to the surface and perpendicular to a 
line of unit length anywhere in the Surface is called surface tension. 
It is represented by a Greek letter g 


amma, y, and is expressed in the 
units of dynes cm or newton per meter (N m’). 


In terms of dimensions, 
Surface energy = work per sq em = (force x length) per sq. cm 
dynes x em E 

—-———, = dynes cm 

em? 
Due to surface tension, the molecules tend to leave the surface, 

and the surface of a liquid tends to minimise the surface area as 

far as possible. In order to increase the surface area of the liquid, 


some energy has to be supplied against the inward pull. This is 
referred to as surface energy. 


hus, surface energy is the energy required or work 
required to be done to increase the surface area 
by a unit amount. It is expressed in J m? or N m-!. [J m? 


= Nm (m?) = Nn}, It may be noted that surface tension 
and surface energy have same dimensions. 


of the liquid 
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Effect of temperature on surface tension: The magnitude of the 
surface tension of a liquid depends on the attractive forces between 
the molecules. When the attractive forces are large, the surface 
tension is large. An increase in temperature increases the kinetic 
energy of the molecules, and the effectiveness of intermolecular 
attraction decreases. So the surface tension decreases as the 
temperature is raised. 

The effect of temperature on surface tension is given by an 
equation deduced by Eotvas. 


d ) 2/3 

=en 

Here, y is the surface tension, k is the constant, d is density, Mis 
molecular mass, T, is the critical temperature, and 7 is temperature. 

Evidently as 7 approaches the critical temperature, the 
surface tension becomes zero. At this stage, the meniscus between 
the liquid and vapours disappears. 
Effect of adding surface active solutes: The addition of surface 


etc., flow slowly, whereas others 
such as water, petrol, ethanol, etc., 
flow rapidly. This means that every 
liquid has some internal resistance to 
flow, which is referred to as viscosity. Water 
Liquids which flow slowly are said 
to be more viscous than the liquids (a) S 
which flow rapidly 


Fig. 5.38 Capillary action 


Viscosity is a measure of resistance to flow arising due to » 
internal friction between layers of fluid as they slip Past on, | 
another when the liquid flows. Strong intermolecular forces 
between molecules hold them together and resist movement - 
of layers past one another. 

To understand the nature of internal resistance or friction 
existing within a liquid, consider a liquid flowing through a narroy 
tube. All parts of the liquid do not move through the tube with the | 
same velocity. Imagine 


active solutes to a liquid also lowers the surface tension. For the liquid to be made y 
example, the addition of ethanol, soaps, detergents, etc., to water up ofa large number of Xcm 
V+y 


lowers its surface tension. The cleansing action of soap is based 
on this fact. 

Some effects of surface tension: Let us now study some 
important phenomena that can be explained by surface tension: 


a. Spherical shape of drops: Surface tension causes liquid 
drops (or gas bubbles) to acquire spherical shape. This is 
because the lowest energy state of a liquid is attained when 
the surface area is minimum. Spherical shape satisfies 
this condition; that is why mercury 
drops are spherical in shape. This is 
why sharp glass edges are heated for 
making them smooth. On heating, 
the glass melts and the surface liquid 
tends to take the rounded shape at 
the edges, which makes the edges 
smooth. This is called fire polishing 
of glass. For a given volume, the 
sphere has a minimum surface area, 
as shown in Fig 5.37. 


Fig. 5.37 Spherical 
structure of a liquid 
drop due to surface 
tension 


b. Capillary action: The surface tension of a liquid depends 
upon the forces between the molecules of the liquid. The 
attractive forces between the molecules of the same substance 
are called cohesive forces, while that in the molecules of 
different substances are called adhesive forces. When water 
is taken in a glass tube (such as burette), there are cohesive 
forces between water molecules and adhesive forces between 
glass and water. In this case, the adhesive forces are stronger 
than cohesive forces. As a result, water acquires a concave 
upward surface [see Fig. 5.38(a)]. Such a curved surface of 
a liquid is known as miniscus. In case of mercury, cohesive 
forces are stronger than adhesive forces, and hence mercury 
has concave downward miniscus [see Fig. 5.38 (b)]. The 
rise or fall of liquids in capillary tubes (known as capillary 
action) can also be explained in terms of surface tension. 


thin cylindrical coaxial 
layers. The layer in 
contact with the walls 
of the tube is almost 
stationary. 

When a liquid flows over a fixed surface, the layer of 
molecules in immediate contact with the surface is stationary 
The velocity of upper layers increases as the distance of layers 
from the fixed layer increases. This type of flow in which there 
is a regular gradation of velocity in passing from one layer to the 
next is called laminar flow. If we choose any layer in the flowing 
liquid (Fig. 5.40), the layer above it accelerates its flow and te 
layer below it retards its flow. 


Fig. 5.39 Flow through a narrow tube 


u+ du 


Area of the 
u 


u — du 


A Re- 


Fig. 5.40 Gradation of velocity in laminar flow 
If the velocity of the layer at a distance dz 1$ changed ™ 
a value du, then the velocity gradient is given by the amou“ 
duldz. A force is required to maintain the flow of layers. ir 
force is proportional to the area of contact of the layer and ™ 
velocity gradient, i.e., 


F œ A (A is the area of contact) 

1 OC uw | 
| . yit! | 
where du/dz is the velocity gradient, the change in veloci?" — 
distance. | 


F œ A du 
dz | 
5.21 VISCOSITY : | 
——— —À u 
> F= nA— | 
It is one of the characteristic properties of liquids. It is a well- dz | 


known fact that some liquids such as honey, castor oil, glycerine, 


1 is t 


T sity. z 

ge if A= 1 cm7, u = 1 cm s™!, and Z=1 cm, then F = n. 
Thus coefficient of viscosity may be defined as the force of 
ion required to maintain the velocity difference of 1 cm s^! 

ot 

jrict! 


between two parallel layers 1 cm apart and having an area 
sec 
Á 


"IDE 


inits of viscosity: Units of viscosity are dyn cm ? s. This quantity 
n ` . . 
alled / poise (atter the name of Poiscuille). However, the 


. E 
of viscosity are N m^sorkg m`! s 


| 
| 
| 


is also € 


g| units 
Poise = gm em! s 


Poise is 1/10 of ST unit. 


Effect of temperature: With an increase in temperature, the magnitude 
interparticle forces decreases and the kinetic energy of molecules 
n 

increases. This causes a decrease in the viscosity of the liquid. 


a. Why liquids have a definite volume but no definite shape? 

b. Ata particular temperature why is the vapour pressure of 
acetone less than that of ether? 

c. A liquid is transferred from a smaller vessel to a bigger 
vessel at the same temperature. What will be the effect on 
the vapour pressure? 

d. Why vegetables are cooked with difficulty at a hill station? 

e. What is the approximate relationship between the heat of 
vapourisation and the boiling point of a liquid? 

L What is the effect of temperature on surface tension and 

viscosity? 

Why are falling liquid drops spherical? 

Why liquids diffuse slowly as compared to gases? 

L Whatisthe binding force between molecules if a substance is 
4 gas under ordinary conditions of temperature and pressure? 


a. This is because the intermolecular forces are strong enough 
to hold the molecules together but not strong enough to 
fix them into definite positions (as in solids). Instead, they 
possess fluidity, and hence, no definite shape. 

b. This is because the intermolecular forces of attraction 
in acetone are stronger than those present in ether. 

C. No effect as it depends only on the nature of the liquid 
and temperature. 

d. The atmospheric pressure is less and so the boiling point 
is lowered. 

e AH, 5! 1,7 2) cal K ! mol ! (Trouton's rule) 

f. Both decrease with increase in temperature. 

8- This is due to the property of surface tension possessed 
by liquids. This makes the surface area minimum. For 
a given volume, sphere has the minimum surface area. 

h. In liquids, the molecules are less free than in a gas, i.e., 
the intermolecular forces (van der Waals forces) in a 

liquid are greater than in a gas. 
1. van der Waals forces 


pr qe 
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he proportionality constant and is called coefficient of 


CONCEPT APPLICATION EXERCISE 5.1 


Subjective Type 


2 

1. Write the kinetic gas equation and express itas P = 3 Fs 
where £ is the kinetic energy per unit volume. uu 

2. Calculate root mean square speed (rms) of ozone which is 
kept in a closed vessel at 20°C and a pressure of 82 mm 
of Hg. , 

3. The density of steam at 100°C and 10° Pa pressure is 
0.6 K gm ?. Calculate the compressibility factor of the 
system. 

4. 2.0molofchlorine gas occupies a volume of 800 mL at 300 
K and 5 x 10° Pa pressure. Calculate the compressibility 
factor of the gas (R = 0.083 L bar K^! mol '). Comment 
whether the gas is more compressible or less compressible 
under these conditions. 

5. Calculate the pressure of 150 g carbon dioxide in a 
vessel of 2.0 L capacity at 30°C, a = 3.648 L bar atm K^ 
mol, b = 0.0427 L mol! 

6. When a tyre is pumped up rapidly, its temperature rises. 
Would you expect the same effect if air were an ideal gas? 

7. Can we use Boyle's law to calculate the volume of a 
real gas from its initial state to final state by an adiabatic 
expansion? 

8. Which postulate of kinetic theory can be used to justify 
Dalton's law of partial pressures? 

9. A porous cup is filled with H, gas at the atmospheric 
pressure and is connected to a thin glass tube in a vertical 
position. The second end of the tube is immersed in water 
below it. After some time, water rises in the glass tube. 
Explain giving reasons. 

10. What is the meaning of pressure of the gas? 

11. Whatisthe difference between barometer and manometer? 

12. Based upon Boyle's law, draw the plot of P vs V and also 
PV vs P. 

13. Ifa plot of V vs °C at constant pressure is drawn. at what 
temperatures will it cut the volume and temperature axes? 

14. Why do we add 273 to the temperature while dealing with 
problems on gas equation? 

I5. Give the relationship between the molar volume of a gas 
and its molar mass. 

16. What would happen if the molecular collisions are 
non-elastic? 

17. Which postulates of Kinetic theory are invalid at low 
temperatures or high pressures? 

18. What is the relationship between three types of molecular 
speeds at a given temperature? 

19, In the plot of Z (compressibility factor) vs P, Z attains a 
value of unity ata particular pressure. What does it signify? 

20. Draw the plot of log P vs log V for Boyle's law. 

21. Draw the plot of log V vs log T. 

22. ls it possible to cool the gas to 0 K? 

23. What is the ratio of average molecular KE of CO, to that 
of SO, at 27°C ? ! 

24. Pointoutthe difference between London dispersion forces 
and dipole-dipole forces. 
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Falling liquid drops are spherical. Why? 


What happens ifa liquid is heated to the critical temperature 
of its vapour? 


27. Cana gas with a = 0 be liquefied? 


ANSWERS 
2 


1. P= 3E 2. u= 390 x 104 cm s^! 


3. P- 0.967 4. 2- 0.796 
5. P — 35.73 bar 
6-27. Refer solutions. 


AA ME -> e as HE de Nd o 


100 mL of hydrogen was confined in a diffusion tube and 
exposed to air, and at equilibrium, a volume of 26.1 mL of air 
was measured in the tube. Again, when 100 mL of CO, was 
placed in the same tube and exposed to air, 123 mL of air was 


measured in the tube at the equilibrium. Find the molecular 
weight of CO, 


Solved Examples | 


ISOLE. In the first case, when 100 mL of H, is diffused, the volume 
of air diffused was 26.1 mL. Thus 


Rate of diffusion of H, B 100 . 
Rate of diffusion ofair 26.1 OC 


Rate of diffusion of CO, B 100 (ii) 
Rate of diffusion ofair 123 B 
From Eqs. (1) and (ii), we get 
"o 123 E Moo, 
roo, 261 M H, 


123 x 123 


Molecular weight of CO, = 26.1 x 26.1 


=2= 44.42 


A given volume of oxygen containing 20% by volume of ozone 
required 175s to effuse when an equal volume of oxygen took 
167s only, under similar conditions. Find the density of ozone. 


| Sol. Density of O,-O, mixture can be found by Graham's law. 


175 2 Density of O, + O, mixture 
167 Y 16 


Relative density of (2094 O, + O, mixture) 


_ 175x175 x16 


=17. 
167 x 167 ii 


Let the d of O, be x. 

Combined d of 0,-0, mixture is 

16x80 xx20 
100 100 


=17.57 ^x — 23.85% 


gas-filled freely collapsible balloon is pushed from L 
surface level of a lake to a depth of 100 m. Approximate the 
percentage of its original volume will the balloon finaj 


à 
| 
Assume that the gas behaves ideally Y have, 


PSG) Let the volume of balloon at the surface of the lake 
P=1atm=76 x 13.6 x 981 dyn cm'! 
= 98] x 1033.6 
Pressure at the depth of 100 m 
= 76 x 13.6 x 981 + 100 x 100 x 1 x 98] 
= 981 (76 x 13.6 + 10000) 


ey 


- 981 x 11033.6 
PV, =P, 
981 x 1033.6 x V= 981 x 11033.6 x V, 
_ 1033.6 
? 11033.6 
1033.6 x V 


= x 100% = 9.367% 
11033.6 x V ° $ 
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gaseous is. 


oxygen takes 10 min. The gaseous mixture contains methane 
and hydrogen. Calculate 


a. The density of gaseous mixture. 

b. The percentage by volume of each gas in mixture. 
| Mixture 

d,=? 

= 5x 60+ 11 =3ils 


t, = 10 x 60 = 600s 
Volume is same, so 


dy, — ] and den, = 8. So 


doy, x x + (100 — y)dy, 
100 

4.3 x 100 = 8x + (100 —x) x I 

430 = 8x + 100— x 

330 = 7x 

x = 47.14% 

“CH, = 47.14, %H, = 52.86 


d = 


mix - 


Two flasks A and B have equal volumes. Flask 4 contain 
H, gas is maintained at 27°C while B containing an equ? 
of C,H, gas is maintained at 627°C. In which flask P dol | 
how many times are molecules moving faster, assuming 
behaviour for both the gases? 


average velocity of a gas 


[7, = 300 K, T, = 900 K] 


Thus, H, molecules in flask A will be moving 2.237 times 
faster than C,H, molecules in B. 


Calculate the pressure exerted by one mole of CO, gas at 273 K 
ifthe van der Waals constant a = 3.592 dm atm mol. Assume 
tht the volume occupied by CO, molecules is negligible. 


‘Sol. The van der Waals equation for one mole of a gas is 


(+5) (V —b)- RT 


It is given that the volume occupied by CO, molecules is 
negligible. Hence, the equation of state becomes 


(+5) (V)- RT 


— A 
P y y? 

Assuming V „= 22.414 dm? mol"!, we get 
_ (8.314 kPa dm? K^! mol) (273 K) 


(22.414 dm? mol`’) : i 
_ 3.592 dm atm mol` 


(22.414 dm? mol!) 
= 101.246 kPa — 7.15 x 102 atm 
= 101.246 kPa — (7.15 x 10? atm) | 
= 101.264 kPa — 0.724 kPa 


101.325 ex 
] atm 


= 100.601 kPa 


å constant temperature, a gas occupies a volume of 200 mL 
3 s 0f 0.720 bar. It is subjected to an external pressure 
900 bar. What is the resulting volume of the gas? 


Boyle’s law is applicable as the amount and temperature 


are unaltered 
Py Vi =p, ^ 


0r pip, 25 VJV, 


Substituting the values, we get 


A 2.5 flask contains 0.25 mol each of sulphur dioxide and 
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| calculate the relative velocities of molecules. 0.720 bar/0.900 bar = V,/200 mL 


_ 120 200 mL = 160 mL 
900 


5 
Boyle's law is manifested in the working of many devices 
used in daily life such as cycle pump, aneroid barometer and 


type pressure gauge, etc. 


What is the increase in volume when the temperature of 600 
mL of air increases from 27°C to 47°C under constant pressure? 


(Sol: Charles' law is applicable as the pressure and amount 


remains constant. 


st = P oy,  ILx y, 

T, T, T 

V, = E x 600 mL = 640 mL 
1 300K 


Increase in volume of air is 
640 mL — 600 mL = 40 mL 


ws; M E | |? P; 
SY d j z 


nitrogen gas at 27°C. Calculate the partial pressure exerted by 
each gas and also the total pressure. 


Sol, ) Partial pressure of sulphur dioxide. 


Pso, = nRT/V 
_ 0.25 mol x 8.314 J mol! x 300 K 
2.5 x 10° m? 
= 2.49 x 10° N m? = 2.49 x 105 Pa 
Similarly, py, = 2.49 x 105 Pa 
Following Dalton’s law, we get 
PTotai 7 Py, * Pso, 
= 2.49 x 10? Pa + 2.49 x 105 Pa 
= 4.98 x 10? Pa 


Which of the two gases, ammonia and hydrogen chloride, will 
diffuse faster and by what factor? 


| Sol.) F Nu "uci 7 (Macy Myn)? 
= (36.5/17)!? = 1.46 


Thus, ammonia will diffuse 1.46 times faster than hydrogen 
chloride gas. 


What volume of air will be expelled from a vessel containing 
400 cm? at 7°C when it is heated to 27°C at the same pressure ? 


A 
"n T, 
400 cm? V, 


i.e., SS ÁM 
(273+7)K (273+27)K 


aie Rs DOCUEIUT See TRIN LT UNEA 
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400 3 3 
= — x 300 cm” = 482.6 cm 
or V, 280 


1 mol of CCl, vapours at 77°C occupies a volume of Eu n 

If van der Waals constants are a = 20.39 L? atm mol, 

p = 0.1383 L mol", calculate compressibility factor Z pq. 
a. Low pressure region 


This is the volume after expansion. So 


volume expelled = (428.6 — 400)) cm? = 28.6 cm? 


b. High pressure region 
Calculate the root mean square, average, and 


speeds of 
is 0.09 g ám 3 (0.09 kg m 


most probable 
H, molecules. The density of the gas at 101.325 kPa E 


-3), Assume ideal behaviour. a. Under low pressure region, V is high 


—b)sV 
3RT — [3PV _ _{3o1.325.10°Pa)| (V — b) 
BED M. VM, 


(0.09kg m^ ^ (0.09kgm>) - (p+4)y -nr 
= 1838 m s”! V 


a 
SRT _ 8PV _ -fE - 8(101.325 x10" Pa) 325 x 10° Pa). PV ey - RT 
nM, nM, 


3, NO /3.14(0.09 kgm™) 


- 1694 ee sie a i 
ms "= RT RTV 
par per Bs d E w 
u a | 
, la cael -l-$0821x350x35 ^. 
-]501 ms"! 


b. Under high pressure region, P is high 
The van der Waals constant b of Ar is 3.22 x 10? m? mol, (P + c) V =P 
Calculate the molecular diameter of Ar. 
IBD Use b = 4 x volume occupied by the molecules in 1 mol < PWV-b)RT or PV-Pb-RT 
of a gas 
PY Pb 
4 4 or —— -— = 
b= 4x Nqx( nr) RT RT 
3.22 x 105 = 4x 6023x102 x $22, 7 zt. Ps 
3 RT RT 
32x10?x3x7 V b 
; x3x l 
" =1l+—b maoa ae ime 
F x 6.023 x 10? x 4 x z| Pies ( "RT ORT Y 
= 0.1472 x 10? m = 0.1472 nm 


_ ,. 0.1383 
—-]-4 
d — 2r = 0.2944 nm 


35 =1+ 0.004 = 1.004 


tv 


we 


=> 


j AW 


antity of heat is confined in a chamber of constant 

lume. When the chamber is immersed in a bath of melting 
M the pressure of the gas is 1000 torr. Final temperature 
1Ce, 


hen the pressure manometer indicates an absolute pressure 
w 


of 400 torr is 
(1) 109K (2)273K G)373K — (40K 


At what temperature will both celsius and fahrenheit scales 


read the same value? 


(i00 (2) 180° (3) 40° (4) -40° 


At the top of the mountain, the thermometer reads 0°C 


and the barometer reads 710 mm Hg. At the bottom of 
the mountain the temperature is 30°C and the pressure is 
760 mm Hg. The ratio of the density of air at the top with 
that at the bottom is 


(1) L:1 (2) 1.04:1 
(3) 1:1.04 (4) 1:1.5 
, A quantity of gas is collected in a graduated tube over the 


mercury. The volume of the gas at 20°C is 50.0 mL and the 
level ofthe mercury in the tube is 100 mm above the outside 
mercury level. The barometer reads 750 mm. Volume at STP 
is 


(1) 39.8 mL 
(3) 42 mL 


(2) 40 mL 
(4) 60 mL 


. Which of the following contains greatest number of N 


atoms? 

(1) 22.4 L nitrogen gas at STP 

(2) 500 mL of 2.00 M NH, 

(3) 1.00 mol of NH,C1 

(4) 6.02 x 1073 molecules of NO, 


. What weight of hydrogen at STP could be contained in a 


vessel that holds 4.8 g oxygen at STP? 


(48g (230g (306g (4) 0.3 g 


- At moderate pressures, the van der Waals equation is written 


as 
L + <,| V - RT 
The compressibility factor is then equal to 


ol 7 a) 


ete) 


* Ideal gas equation in terms of KE per unit volume, £, is 


3 2 2 3 
= 2 = A-E 
(1) > RT QE G) 5 RT (4) 


p Exercises 


9. 


10. 


11. 


12. 


13. 


14. 


—À E 


i V. in Fig. (D, T, > 22 
1 mol of an ideal gas, V, > V, =; 
a ID, P,» P,» P,in Fig. (III), and T, > T, da 


> T, in Fig. ( 
in Fig. (IV), then which curves are correct. 
T 
Vi bx 
T 7 V3 ^ e 
I P II. 


DLE Q)ILIV — (ALIILIV 


(1) 1, H . 
I, II, and III are three isotherms, respectively, at 7,, T», and 
T,. Temperature will be in order 


II 
III 


(D 7 = 15= 7, (2) T, < T, <T; 

OT >L: (4) T, >T,=T, 

A quantity of hydrogen gas occupies a volume of 30.0 mL 
at a certain temperature and pressure. What volume would 
half this mass of hydrogen occupy at triple the absolute 
temperature if the pressure were one-ninth that of the 
original gas? 

(1)270mL 4 (2)90mL (3)405mL (4) 137 mL 

A gas in an open container is heated from 27°C to 127°C. 
The fraction of the original amount of the gas remaining in 
the container will be 


(1) 3/4 (2) 1/2 (3) 1/4 (4) 1/8 
The density of neon gas will be highest at 
(1) STP (2) 0?C, 2 atm 


(3) 273?C, 1 atm (4) 273?C, 2 atm 

A mixture of SO, and O, in the molar ratio 16 : 1 is diffused 
through a pin hole for successive effusions three times to 
give a molar ratio 1 : 1 of diffused mixture. Which one are 
not correct if diffusion is made at same P and T in each 
operation? . 

I. Eight operation are needed to get 1 : 1 molar ratio. 


II. Rate of diffusion for SO, : O, after eight operations in 
0.707. 


5.64 


16. 


17. 


18. 


20. 


21. 


III. Six operations are needed to get 2 : 1 molar ratio for 
SO, and O, in diffusion mixture. 
IV. Rate of diffusion for SO, and O, after six operations 1$ 
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241. 
(1) L IL III (2) 11, t 
(3) 1, III (4) 1V 


. A graph is plotted between log V and log T for 2 mol of gas 


at constant pressure of 0.0821 atm. V and 7 are in litre and 
K. Which of the following statements are not correct? 

I. The curve is straight line with slope -1. 

Hl. The curve is straight line with slope +1. 

III. The intercept on l-axis is equal to 2. 

IV. The intercept on J-axis is euqual to 0.3010. 

(DIN (2)1H.IV — (3)IL IV (4) I, III 

A gas obeys P(V — b) = RT. Which of the following are 
correct about this gas? 


I. Isochoric curves have slope = Vb 


R 
Il. Isobaric curves have slope P and intercept b. 


-— Rb 
IMI. For the gas compressibility factor = 1+ RT 


IV. The attraction forces are overcome by repulsive forces. 
(1)1I DILEU (3) (4) I, I, III, IV 


The pressure of real gas is less than the pressure of an ideal 
gas because of 


(1) Increase in collisions 

(2) Increase in intermolecular forces 
(3) Infinite size of molecules 

(4) Statement is incorrect 


O. gas at STP contained in a flask was replaced by SO, 
under same conditions. The weight of SO, will be 


(1) Equal to that ofO, (2) Half that of O, 
(3) Twice that of O, (4) One-fourth of O, 


- At what temperature will hydrogen molecules have the same 


KE as nitrogen molecules at 280 K? 
(1) 260K (2)40K (3) 400 K (4) 50K 
Select the correct statement. 


L Greater is humidity, lesser will be rate of evaporation 
of water, 


IL Greater is the humidity, lesser will be density of air. 


HI. If room temperature — dew point, relative humidity : 
100%. 


IV. Dew point is the temperature at which the gas a given 
atmospheric condition becomes saturated with H 20 (v). 
(LII — (2)ILIV (3) All (4) None 


The temperature to which a gas must be cooled before it can 
be liquefied by compression is called 


(1) Boyle's temperature 
(2) Critical temperature 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


(3) Liquefaction temperature 


(4) Inversion temperature ud 
istributi with velocity i 
Distribution of molecules y is "Pee 


the curve 


molecules —> 


No. of fraction of 


Velocity corresponding to point A is 


3RT |2RT , [8RT | 
Ou Od O) Burm ME rx 


The volume of helium is 44.8 L at 

(1) 100°C and 1 atn (2) 0°C and 1 atm 

(3) 0°C and 0.5 atm (4) 100?C and 0.5 arm 
Which gas shows real behaviour? 


(1) 8 g O, at STP 


occupies 5.6 L. 


j 


(2) 1 g H, in 0.5 L flask exerts a pressure of 24.63 am z 


300 K. 


(3) 1 mol NH, at 300 K and 1 atm occupies volume 22.41 
(4) 5.6 L of CO, at STP is equal to 11 g. 


For the non-zero volume of the molecules, real gas equatit: 
for n mol of the gas will be 


(1) [ev - nr 


(2) PV=nRT+n 


bP 


(3) PV — nb) = nRT 
(4) Both (2) and (3) are true. 
Actual graph for the given parameters in (Q. 23) will * 


(DLH (2)L 


— P 


II (3) Il (4) 1 


‘or 1 et 
l'or the non-zero value of the force of attraction bet 
Bas molecules, gas equation will be 


2 
(1) PV =nRT-” 2 
V 


(3) PV =nRT 


` joo 
If x M Xp, and x y are mole fraction, pressure fracti ef: 


volume fraction r 


(2) PV = nRT + nbP 


y -b 


espectively of a gaseous mixture 


| 


=— 


3. 


— 


3. 


35, 


36, 


3 . 


(D IM xp Xr Xm X, 
d.» d] 
B) xu” e Ar Oo Xy Xe 
The average molecular speed is greatest in which of the 
' pollowing gas samples? 


(1) 1.0 mol N, at 560 K 

(2) 0.50 mol of Ne at 500 K 
(3) 0.20 mol of CO, at 440 K 
(4) 2.0 mol of Ke at 140 K 


4 gas in an open container is heated from 27°C to 127°C. 


The fraction of the original amount of the gas escaped in 
the container will be 


(1) 3/4 (4) 1/8 


E ; B C 
virial equation 1s: PV REI tei 
Vy M2 


where A. B, C, ... are first second, third, ... virial coefficient, 
respectively, For an ideal gas. 


(1) 4 = unity and B, C are zero. 

(2) 4. B, C are all equal to unity. 

(3) 4 is dependent of temperature. 

(4) All A, B, C depend on temperature. 


. A balloon filled with ethyne is pricked with a sharp point 


and quickly dropped in a tank of H, gas under identical 
conditions. After a while the balloon will 


(1) Shrink 

(2) Enlarge 

(3) Completely collapse 

(4) Remain unchanged in size 

A flask containing 12 g of a gas of relative molecular mass 
120 at a pressure of 100 atm was evacuated by means of 
a pump until the pressure was 0.01 atm. Which of the 


following is the best estimate of the number of molecules 
left in the flask (N, = 6 x 1023 mol"')? 


(1167109?  (2)6»10/$ (3)6x107 — (4)6x10P 


- For an ideal gas, the value of compressibility factor 


(2) ] 

(4) Between 0 and | 

NH, gas is liquefied more easily than N,. Hence 

(1) van der Waals constants a and b of NH, > that of N, 
(2) van der Waals constants a and b of NH, < that of N, 
(3) a(NH,) > a(N,) but b(NH,) < b(N;) 

(4) a(NH,) < a(N,) but b(NH,) > b(N;) 


The van der Waals equation for one mol of CO, gas at low 
Pressure will be 


(3)>] 


(1) (Pet )v- nr (2) PY - b) - RT -77 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 
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Pe RT 
3^7 V -b 


If v is the volume of one molecule of a gas under given 


conditions, then van der Waals constant b is 
(1) 4v (2) 4v/No 

NyAv (4) 4vNo 
un of the following has the maximum value of mean 
free path? | 
aco QH, 00, X (9N 
The compressibility factor for definite amount of van der 
Waals’ gas at 0°C and 100 atm is found to be 0.5. Assuming 
the volume of gas molecules negligible, the van der Waals 
constant a for a gas is 
(1) 1.256 L? mol? atm (2) 0.256 L? mol? atm 
(3) 2.256 L? mol? atm (4) 0.0256 L2 mol? atm 
The critical temperature of water is higher than that of O, 
because the H,O molecule has 
(1) Fewer electrons than O, 
(2) Two covalent bonds 
(3) V-shape 
(4) Dipole moment 
The pressure exerted by 1 mol of CO, at 273 K is 34.98 
atm. Assuming that volume occupied by CO, molecules is 
negligible, the value of van der Waals’ constant for attraction 
of CO, gas is 

(1) 3.59 dm$ atm mol? (2) 2.59 dm atm mol? 

(3) 1.25 dm® atm mol? (4) 1.59 dm? atm mol? 
Relative humidity of air is 60? and the saturation vapour 
pressure of water vapour in air is 3.6 kPa. The amount of 
water vapours present in 2 L air at 300 K is 

(1) 52g .(2)312g (326g (4) 5.2 g 
A3:2 molar mixture of N, and CO is present in a vessel at 
500 bar pressure. Due to hole in the vessel, the gas mixture 
leaks out. The composition of mixture effusing out initially is 

(1) ry, : Meg ::1:2 (2) my, Meo ::6:1 

(3) ngo i y, :: 1:2 (4) ngg : My, :: 2:3 
Number of N, molecules present in L vessel at NTP when 
compressibility factor is 1.2 is 

(1) 223 x 1074 (2) 2.23 x 102? 

(3) 2.7 x 10? (4) 2.7 x 10% 

A spherical air bubble is rising from the depth ofa lake when 
pressure is P atm and temperature is T K. The percentage 
increase in the radius when it comes to the surface of a lake 
will be (Assume temperature and pressure at the surface to 
be, respectively, 27 K and P/4.) 

(1) 100% (50% . (3)40*, (4) 200% 
When the temperature is increased, surface tension of water: 
(1) Increases 
(2) Decreases 
(3) Remains constant 
(4) Shows irregular behaviour 


Boltzmann constant (k) is given by 
C(I)kK=RXN, (2) k = 1.3807 x 102! J K~! 
(3) k 7 N /R (4) k - RN, 
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48. 


49. 


a 
> 


51. 


52. 


53. 


54. 


55. 


56. 


It is easier to liquefy oxygen than hydrogen because. 

(1) Oxygen has a higher critical temperature and lower 
inversion temperature than hydrogen. 

(2) Oxygen has a lower critical temperature and higher 
inversion temperature than hydrogen. 

(3) Oxygen has a higher critical temperature and higher 
inversion temperature than hydrogen. 


(4) The critical temperature and inversion temperature of 


oxygen is very low. 


2 mol ‘H, is mixed with 2 gm of H,. The molar heatr capacity 
at constant pressure for the mixture is 
17R 11R 3R 
—— P mam 5 4 aes 
(1) 6 (2) 6 (3) 4R (4) ) 


Which of following correctly represents the relation between 
capillary rise / and capillary radius 7? 


O 


(1) ; 
i-o 
D— r— 
^| 
34 |] j 
(3); Fas r i 
; = - 


There is a depression in the surface of the liquid in a capillary 
when 

(1) The cohesive force is smaller than the adhesive force. 
(2) The cohesive force is greater than the adhesive force. 
(3) The cohesive and adhesive forces are equal. 

(4) None of the above is true. 

Surface tension does not vary with 

(1) Temperature (2) Vapour pressure 
(3) The size of surface (4) Concentration 

Which among of the following has least surface tension? 


(1) Benzene (2) Acetic acid 


(3) Diethyl ether (4) Chlorobenzene 
The SJ unit of the coefficient of viscosity is 

(1) Ns'^m! (2)Nsm? 
(3)Ns^m^ (4)Ns!m? 


The quantity (PV/K ,T) represents 
(1) Number of molecules in the gas 
(2) Mass of the gas 

(3) Number of moles of the gas 

(4) Translational energy of thc gas 
l of N, and 7/8 L of O, at the same temperature and pressure 
were mixed together. what is the relation between the masses 
of the two gases in the mixture? 

(1) My, =3Mo, (2) My, = 8M, 


2 2 2 Os 
(3) My, = Mo, (4) My, = 16M0, 


59. 


60. 


61. 


62. 


63. 


64. 


65. 


66. 
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. The value of PV for 5.6 L of an ideal gas is 


NTP. 
(1)0.25 | (2)0.30 (3) 1.0 (4) 0.45 

If a gas is expended at constant temperature 

(1) The pressure decreases 

(2) The kinetic energy of the molecules remains the " 
(3) The kinetic energy of the molecules decreases 

(4) The number of molecules of the gas increases 

The density of a gas A is twice that of a gas B at the " 
temperature. The molecular mass of gas B is thrice that i 
A. The ratio of the pressure acting on A and B will be 
(D1:6 (2)7:8 (02:92 (4) 1 :4 
Which of the following expression at constant press, 
represents Charles' law? 


1 1 

(1) Ves i: 

(3)Vo T (4) V-d 

A gas of volume 100 cc is kept in a vessel at pressure 

10.4 Pa maintained at temperature 24°C. Now, if the pressure 

is increased to 105 Pa, keeping the temperature constan; 

then the volume of the gas becomes 

(1) 10 cc (2) 100 cc 

(3) 1 ec (4) 1000 cc 

A sample of gas occupies 100 mL at 27°C and 740 mm 

pressure. When its volume is changed to 80 mL at 740 mm 

pressure, the temperature of the gas will be 

(1) 21.6°C (2) 240°C 

(3) -33°C (4) 89.5°C 

At 25°C and 730 mm pressure, 730 mL of dry oxygen was 

collected. If the temperature is kept constant what volume 

will oxygen gas occupy at 760 mm pressure? 

(1) 701 mL (2) 449 mL (3)569mL (4) 621 mL 

The density of a gas at 27°C and | atm is d. Pressus 

remaining constant, at which of the following tempera 

will its density become 0.754? 

(1)20°C (2)30°C  Á(3)400K (4) 300 K 

The kinetic theory of gases predicts that total kinetic ener) 

of a gaseous assembly depends on 

(1) Pressure of the gas 

(2) Temperature of the gas 

(3) Volume of the gas 

(4) Pressure, temperature, and volume of the gas 

At STP, the order of mean square velocity ot molecules d! 

H., N,, O,, and HBr is 

(1) H, > N, > O, > HBr (2 HBr > O, > M, > H; 

(3) HBr > H, > O, > N, (4) N, > O, > H, > HBr 

Which of the following statements is wrong for gases’ 

(1) Gases do not have a definite shape and volume.\ 7 

(2) Volume of the gas is equal to volume of contain! 
confining the gas. d 

(3) Confining gas exerts uniform pressure on the walls © 

container in all directions. 

hing’ 


(4) Mass of gas cannot be determined by we!8 
container in which it is enclosed. 


68. 


69: 


10. 


14. 


78, 


328 oxygen is diffused in 10 min. In similar conditions, 
28 g nitrogen will diffuse in 


(1) 9.3 min (2) 8.2 min 
0) 7,6 min (4) 11.8 min 


at what temperature will the molar kinetic energy of 
03 nol of ‘He’ be the same as that of 0.4 mol of argon at 


400 K? 
(700 K (2) 500 K (3) 800K (4) 400 K 


which of the following statements is not correct about the 
three states of matter, 1.e., solid, liquids and gas? 


(D Molecules of a solid possess least energy whereas those 
of a gas possess highest energy. 


(2) The density of a solid is highest whereas that of gases 
is lowest. 


(3) Gases like liquids possess definite volumes. 


(4) Molecules of a solid possess vibratory motion. 


. Which of the following is true about gaseous state? 


(1) Thermal energy = Molecular attraction 
(2) Thermal energy >> Molecular attraction 
(3) Thermal energy << Molecular attraction 
(4) Molecular forces >> Those in liquids 


. Which of the following is not a correct postulate of kinetic 


theory of gases? 

(1) The molecules of a gas are continuously moving in 
different directions with different velocities. 

(2) The average kinetic energy of the gas molecules is 
directly proportional to the absolute temperature of the 
gas. 


(3) The volume of the gas is due to the large number of 
molecules present in it. 


(4) The pressure of the gas is due to the collision of the 
molecules on the walls of the container. 


. In the van der Waals equation 


(1) bis the volume occupied by the gas molecules 

(2) bis four times the volume occupied by the gas molecules 

(3) b is the correction factor for intermolecular attraction 

(4) None of these 

According to kinetic theory of gases, for a diatomic molecule 

(1) The pressure exerted by the gas is proportional to the 
mean velocity of the molecules 

(2) The pressure exerted by the gas is proportional to the 
root mean square velocity of the molecules. 

(3) The root mean square velocity is inversely proportional 
to the temperature. 

(4) The mean transitional kinetic energy of the molecules 
is proportional to the absolute temperature. 

A vessel is filled with a mixture of oxygen and nitrogen. 

At what ratio of partial pressures will the mass of gases be 

Identical? 

(1) P(O,) = 0.785P(N,) 


(2) P(O,) = 8.75P(N3) 
(3) P(O,) = 11.4P(N,) 


(4) P(O,) = 0.875P(N;) 
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Select one correct statement. In the gas equation, PV =nRT 


(1) n is the number of molecules of a gas. 

(2) n moles of the gas have a volume V. 

(3) V denotes volume of one mole of the gas. 

(4) P is the pressure if the gas when only one mole of gas 
is present. 

When is deviation more in the behaviour of a gas from the 

ideal gas equation PV — nRT? 

(1) At high temperature and low pressure 

(2) At low temperature and high pressure 

(3) At high temperature and high pressure 

(4) At low temperature and low pressure 


An ideal gas obeying kinetic theory of gases can be liquefied, 
if 


(1) Its temperature is more than critical temperature T, 

(2) Its pressure is more than critical pressure P, 

(3) Its pressure is more than P, at a temperature less than 7, 
(4) It cannot be liquefied at any value of P and T 


Which of the following expressions correctly represents the 
relationship between the average molar kinetic energy, KE 
of CO, and N, molecules at the same temperature? 


(1) KEco = KEy, (2) KEco > KE. 
(3) KEco < KEy, 


(4) Cannot be predicted unless volumes of the gases are 
given | 


Which expression gives average speed of gas molecules? 


8RT 3RT 
DE Y, OM 

SRT |? SRT 
@) EM (0 3 14M 


Under similar conditions, which of the following gas will 
have same value of Hims as COS? 

(1) NO (2)C,H,  (3CO (4) N, 

15 L of gas at STP is subjected to four different conditions 


of temperature and pressure as shown below. In which case 
the volume will remain unaffected? 


(1) 273 K, 2 bar pressure 

(2) 273°C, 0.5 atm pressure 

(3) 546°C, 1.5 atm pressure 

(4) 273°C and 2 atm pressure 

A gaseous mixture contains oxygen and nitrogen in the 
ratio of 1:8 by mass. The ratio of their respective number 
of molecules (Ng : NM, ) is 

(1)1:8 (Dl (3) 7:64 (4) 1:2 


Among the plots of P vs V, as given below, which one 
corresponds to Boyle's law? 


(1) P — (2) P 


pe 
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^ b 
(3) P (4) 


85. The pressure of a gas 1s due to 
(1) Rapid intermolecular collisions 
(2) Molecular impacts against the wall 
(3) Voids between the gas molecules 
(4) Ideal behaviour of gases 

86. V vs T curves at different pressu 
gas are shown below: 


s of vessel 


res P, and P, for an ideal 


Pi 


Ps 


- 


T 


Which one of the following is correct? 
()P,»P, Q)P,«P, (3-7 P, (4) P,/P, = 12 


Multiple Correct Answers Type lil 


1. Which of the following statements is/are correct? 
(1) The van der Waals constant a is a measure of 
attractive force. 
(2) The van der Waals constant b is also called co-volume 
or excluded volume. 
(3) b is expressed in L mol !. 
(4) b is one-third of critical volume. 
2. Point A in the given curve shifts 
to higher value of velocity if 
(1) T is increased 
(2) P is decreased 
(3) Vis decreased 
(4) Molecular weight M is 
decreased 
3. Which of the following processes would lead to an increase 
in the average speed of the molecules of an ideal gas system? 
(1) Decreasing the temperature of the system 


(2) Compressing the gas with a piston 


molecules ——— —3 


No. of fraction of 


(3) Expanding the gas into a vacuum 
(4) Heating the system keeping V and P constant, 
4. According to the kinetic theory of gases 
(1) Pressure of a gas is due to collisions of molecules with 
each other 
(2) Kinetic energy is proportional to square root of the 
temperature 
(3) Pressure ofa gas is due to collisions of molecules against 
the sides of the container 
(4) There is no force of attraction between gas molecules 


5 


10. 


11. 


. For two gases A and B with molecular weights M, ang 
respectively, it is observed that at a certain temperany, 4 
the mean velocity of A is equal to the V... of B. Thy. i 

ocity of A can be made equal to the mean Velo 


mean vel 

of B, if 

(1) A is at temperature T and B is at T" such that Ts 7, 

(2) Temperature of A is lowered to T, while B is at m | 
that T, < T | 

(3) Both A and B are raised to a higher temperature 

(4) Heat energy supplied to 4 

Which of the following statements is/are true? 

(1) The ratio of the mean speed to the rms Speed i, 
independent of the temperature. 

(2) The square of the mean speed of the molecules is equi 
to the square of the rms speed at a certain temperature 


(3) Mean kinetic energy of the gas molecules at any given 
temperature is independent of the mean speed. 


(4) The difference between the rms speed and the mea, 
speed at any temperature for different gases diminishes 
as larger, and yet larger molar masses are considered. 

If for two gases of molecular weights M, and M, at 

temperature T) and Tp, respectively, TM, = TM, then 

which property has the same magnitude for both the gases? 

(1) PV if mass of gases taken are same 

(2) Pressure 

(3) KE per mole 

x 

Molecular attraction and size of the molecules in a gas at 

not negligible at 

(1) Critical point (2) High pressure 

(3) High temperature and low pressure 

(4) Low temperature and high pressure 

If 10 g ofa gas at atmospheric pressure is cooled from 273°C 

to 0?C, keeping the volume constant, its pressure would 

become 

(1) 1/273 atm 


1 
3) —at 
3) 5 m 


(2) 2 atm 
(4) 5.05 x 104 N m? 


The compressibility factor of a gas is greater than unity 3! 
STP. Therefore 
(1) V, »224L 
(3) V, 2224L 
(4) The gas will become less liquefiable 
Select the correct statements. 
(1) Vapour may be condensed to liquid by the applic 
of pressure. 
(2) To liquefy a gas one must lower the temperature pelo" 
T, and apply pressure. y 
(3) At T,, there is no distinction between liquid and V9? à 
states. 410 
(4) At the T., density of liquid is very high as compar 


its gaseous state. | 


(2)V, «224L 


ation 


" 


16. 


17. 


19, 


l precisely 1 


the following statements is/are correct? 


which of 
are less compressible than ideal gases at 


1) All real gases 

high pressure: 

>) Hydrogen and helium are more compressible than ideal 
v cases for all values of pressure. 

pt H, and He. the compressibility factor 


WA 
Z\= —| <1 for all gases at low pressure. 


(3) Exce 


(4) The compressibility factor of real gases is independent 
of temperature. 

mol of helium and | mol of neon are placed ina 

container. Indicate the correct statements about the system. 

(1) Molecules of the two gases strike the wall of the 
container with same frequency. 

(2) Molecules of helium strike the wall more frequently. 

(3) Molecules of helium have greater average molecular 


speed. 
(4) Helium exerts larger pressure. 


_ Which of the following statements is/are true? 


(1) Hydrogen diffuses four times faster than oxygen. 

(2) The temperature of a real gas changes when it expands 
adiabatically in vacuum. 

(3) An ideal gas undergoes cooling effect when it suffers an 
adiabatic expansion in vacuum 


dT 
(4) The Joule- Thomson coefficient ts of an ideal gas 
is Zero. dH 


5. The root mean square velocity of an ideal gas in a closed 


container of fixed volume is increased from 5 x 104 cm s to 
10» 10^ cms !. Which ofthe following statements correctly 
explains how the change is accomplished? 

(1) By heating the gas, the temperature is doubled. 

(2) By heating the gas, the pressure is quadrupled. 

(3) By heating the gas. the temperature is quadrupled. 

(4) By heating the gas, the pressure is doubled. 

In the equation PV — RT, the value of R will not depend 
upon 

(1) The nature of the gas 

(2) The temperature of the gas 

(3) The pressure of the gas 

(4) Units of measurement 

Which is the value of R? 

(1) 1.99 cal deg? mol! 

(2) 0.0821 L atm deg! mol! 

(3) 9.8 kcal deg! mol! 

(4) 8.3 J deg! mol! 


- Boyle's law may be expressed as 


(1) (aP/dV),.— KIV (2) (dPldV), 7 -KIV? 
(3)(dPldV,- -KIV (4) V - VP 

Which forces of attraction are responsible for liquefaction 
of H? 

(1) Coulombic forces 


(2) Dipole forces 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


(3) Hydrogen bonding 
(4) van der Waals forces 

According to Charles’ law 

(1) (dV/dT)p = K (2) (dV/dT) p = -K 
(3) (dV/dT)p = -KIT (QV« T | 
In van der Waals equation of gases, the kineti 
gas IS modified with respect to 

(1) Repulsive forces 

(2) Attractive forces between 


c equation for 


the gaseous molecules 


(3) Actual volume of the gas 

(4) Pressure of the molecules 
Which of the following is/are correc 
(1) (QV/OT)p = Constant 

(2) V oc Tat constant P and n 

(3) V o Pat constant T, n 

(4) Vx Tis constant at constant P, n 

Which of the following gases is/are heavier than dry air? 
(1) Moist air (2) Oxygen 

(3) Moist nitrogen (4) Hydrogen sulphide 

One mole of which of the following will have 22.7 Lat STP 
(1 bar, 273.15 K)? 

(1)SO, (2) He (3) H,O 
The gas constant has units 

(1) L atm K- mol! (2) L atm! K” mol! 

(3) atm cm? K! mol’ (4) erg K! 

Which of the following pair of gases will have same rate of 
diffusion under similar conditions? 


t about Charles’ law? 


(4) CCl, 


(1) H, and He (2) CO, and N,O 
(3) CO and C,H, (4) NO and CO 
Which of the following statements is/are correct about real 


gases? 

(1) The molecules do cause attractive forces on each another. 
(2) They obey gas laws at low temperature and high pressure. 
(3) They show deviations from ideal behaviour. 

(4) The molecules have negligible mass. 


At very high pressure, the van der Waals equation reduces 
to 


(l)PV=RT+Pb — Q) Pv = 28i 
RT 

(3) P = —— = A 
Ss (4) PY = RT 7 


To which of the following mixtures i i 
À g mixtures Dalto 
applicable? ae te ae 


(1) CO, and CO at room temperature 
(2) Ammonia and hydrogen chloride at room temperature 


(3) NH, and steam at room temperature 
(4) He and H, 
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30. Which of the following plots is/are correct? 


| NC ) i 
P (2) V 


y — 
" d "D 
VV UT — 


31. Which of the following DS is/are correct ? 


(2) P 


y — T —> 


^ 
aee E" (4) log P 


log V — log T —> 


Linked Comprehension Type lil 


Paragraph 1 
Two flasks A and B have equal volume. A is maintained at 300 K 


and B at 600 K. While 4 contains H, gas, B has an equal mass of 
CH, gas. Assuming ideal behaviours for both the gases, answer 


the following: 


> 


1. Flask containing greater number of molecules 
(1) A (2) B 
(3) Both A and B (4) None 


2. Flask in which pressure is higher 
(1) A (2)B 
| (3) Both A and B (4) None 
3. Flask in which the compressibility factor is greater 
(1) Flask A (2) Flask B 
(3) Both A and B (4) None 
4. Flask in which the total kinetic energy is greater 


(1) A (2) B 
(3) Both A and B (4) None 
5. Flask with greater molar kinetic energy 
(1) A (2) B 
(3) Both A and B (4) None 
6. Flask in which molecules are moving faster 
(1) A (2)B 
(3) Both A and B (4) None 


DEM 
helt 


Paragraph 2 

The van der Waals constant for gases A, B, and C are a, folio, 
Gas a (dm$ kPa mol) b (dm? mor) Ws: 
A 405.3 0.027 
B 1215.9 0.030 
C 607.95 0.032 


Answer the following: 
7. Which gas has the highest critical temperature? 


(1) 4 (2) B (3C (4) None 
8. Which gas has the largest molecular volume? 
(1) 4 (2) B (3)C (4) None 
9. Which gas has the most ideal behaviour around STP? 
(1) 4 (2) B (3C (4) None 
Paragraph 3 


For the given ideal gas equation PV — nRT, answer the following 
questions: 
10. In the above equation, the value of universal gas constant 
depends only upon 
(1) The nature of the gas 
(2) The pressure of the gas 
(3) The temperature of the gas 
(4) The units of measurement 
11. At constant temperature, in a given mass of an ideal gas 
(1) The ratio of pressure and volume always remains constant 
(2) Volume always remains constant 
(3) Pressure always remain constant 
(4) The product of pressure and volume always remains 


constant 
12. Which of the following does not represent ideal gas 
equation? 
1 
(1) AE MN (2) PV = nRT 
RT 
Pp (4) PV - RT 


13. An ideal gas will have maximum density when 
(1) P= 1 atm, T= 300K 
(2) P=2 atm, T= 150K 
(3) P=0.5 atm, T= 600 K 
(4) P= 1.0 atm, T= 500 K 
14. Which of the following is incorrect according to the ideal | 
gas equation? 


(1) Væ T D P«-— (3)PaV X (4Von 


Paragraph 4 
Using van der Waals equation G + 4) (V — b) - RT, answe! 
V 


the following questions: 
15. The van der Waals equation explains the behaviour of 
(1) Ideal gases (2) Real gases 
(3) Vapours (4) Non-real gases 


f 

" lumns I and II 
The term that accounts for intermolecular forces in the van 2. Match the items of colu 

| e 


| 16. ger Waals equation for non-ideal gas is Gump | [Owmü — 
An T moe [PVT 0 — 
alr) OT pm 


ne term that accounts for effective volume in the van der 


P Nuls equation for non-ideal x" is DON 
a l 
=e 4) RT- 
(3) (n i z) » 


At high pressure, the van der Waals equation gets reduced 


Ww Graham's law of 


(1) (p+) V-RT diffusion 


Ideal Ideal gas law | law Ideal gaslaw — |. 
7—b)=RT 
(2) PV 9) Avogadro gas law EE PV - nRT 


(3) PV - RT van der Waals gas 
equation 


a 
—|(V -b)= RT 
e [P g V z) l i 4. Match the items of columns I and II. 


paragraph § Come] | | Column D 


al barLimo | P Most probable speed 


ibility factor Z EA Considering ideal gas, real gas 
p RT D b. (2RT/M)!2 | q.| a/Rb 


and gases at critical state, answer the following questions: c. Boyle’s temperature E oc P-! at constant n and T | 
19. The compressibility factor of an ideal gas is 4 Meat free path Ej oc P? at constant T 


1)0 (2) 1 (3) 2 (4) 3 
20. A compressibility factor of a real gas is e. Collision frequency tl Unit of ratio a/b 
(1)0 (2) 1 ()*1 C4) None 5. Match the items of columns I and II. 
21. The compressibility of a gas is less than unity at STP, 
therefore Column I 
(1) V,» 224L (2) V,,<22.4L Co-volume Molar volume of ideal 
3)V,-224L (4) V, 7 44.8L gas 
2. Z atT, P „and V, is oe |e van der Waals constant 
(1) 3/8 (2) 4/8 (3) 1 (4) 0 b 


Depends on T and 
nature of liquid 


PV/nRT 
Universal gas constant 


" Work done " 
degree"! mol! 

W|DTLuST fe 
[Vapour presare ogi t 


6. Match the items of columns I and II. 


eomm —— [cuum 
Fa Critical temperature — | p.| Gas can be liquefied 


Boyle’s temperature Deviate from ideal gas 
equation 


Gas follows the ideal 
gas equation 
Assumption of no 


intermolecular force o 
attraction is valid 


Matrix Match Type Ill 


l. Match the items of columns J and II. 
Column I ^ Coumi — — | II 


Charles’ law 


‘| Gay-Lussac's law 


b. 


Compressibility factor 


High temperature and 
low pressure 


5.72 Physical Chemistry 
7. Match the items of columns I and II. EN 
Column IE W 
.| High when molecular mass 
EUN " | viscocity n 
i V oa L3; 


ideal 
Increases with increase in| Numerical Value Type m, 


temperature 
Attractive force 1. The ratio of the inversion temperature of a gas to jt, by 


a.| Diffusion of gas 


a — - 
d. Liquification of gas 
| temperature is 


dominates o ; ma re 
“Match the i F mstandil ———— | 2 ) 
8. Match the eris of eoram and Il. u z m 5 : ata temperature of 350K. Ifthe en 
Celene |_| Colamage - is raised to 700 K, the average translational kin sm 
‘a. Z for ideal gas ——— | p. | 3/8 of the gas will increase by 4g) 
" | | |f. Pb (02 Q3 | Q4 (4)5 
b. Z for real gas at low P | q. K E » 3. The value of compressibility factor (Z) for an idea] Bas i 
Pd ROT (02. QI (3) 3 (4) 4 
c. Z for real gas at high P| T. |1 4. The ratio of excluded volume (b) to molar volume of m 
molecule is 
d. Z for critical state (1)1 (2)2 (3) 3 (4) 4 
1 -— 5. What is the ratio of rate of diffusion of gas A and B. Ty 
t |8/ : molecular mass of A is 11 and molecular mass of B is 44 
9. Match the items of columns I and II (1) 1 (2) 2 (3) 3 (4) 4 | 


6. Initial volume ofa gas is 1 L at temperature 100 K. Wha; 


. Column I | Column II 
a. Attractive tendency dominate | p. | Z = 3/8 EN aie 5 2 n p 
b. At Boyle’s temperature in | q. EZS 7 n tis th s. : i 
rs eae i at is the average pe of a molecule, having a molecula 
mass of 529.5 g mol". At temperature 100 K 
c. For a gas at very low (1)1 (2)2 (3)3 (4)4 
pressure and at very high 8. Calculate the moles of an ideal gas at pressure 2 atm ani 
| temperature volume 1 L at a temperature of 97.5 K 
d. At the critical point (1) 1 (2) 2 (3) 3 (4) 4 
10. Match the tems of column "- 9, : RA Aa i 41.4 g of a mixture of gases C. 
[ore NEN 7 xHi». The otal pressure at 44 C in flask is 1.56 am. 
umn mu , Column I Analysis revealed that the gas mixture has 87% total Car: 
a. Unit of van der Waals p» | dyn omms —— 13% total H. Find out the value of x 
___ Constant a (1) 1 (2) 3 (3) 5 (4) 2 
b. Unit of van der Waals | q. dyn cm”! | 10. The rate of diffusion of methane is twice that of X = 
constant b | molecular mass of X is divided by 32. What is value otri 


01 02 (93 (04 


frees ëűġěOE 


JEE MAIN 
; 2. ; 
Single Correct Answer Type a and b are van der Waals’ constants for gases. C hlorine i 
1. If 10 ^dm? more easily liquefied than ethane because 
ne i of a into a 1.0 dm? flask at 300 (1) «und b for C l; > a and b for C 3H, 
w many moles of water are in the y (2) a and b for C l, 
when equilibri apour phase ' or < a and b for CH. 
Gin ^ rium is established? (3) a for € la for C,H, but 5 for Cl, > b for C,H, 
Sas por preening of H,O at 300 K is 3170 Pa: (4) a for Cl suh 
ik mol ) , 27 a tor CH but b for CL, < b for C; He 
Ded 10 mol ^ (2) 1.53 x 102 mol p (AIEEE gol 
) 446 x 107? mol (4) 1.27 x 10? mo 3. The molecular velo 
city of any gas is " 
ra 


(AIEER 2010) ( : ) Inversely proportional to the square root of temp ý 
(2) Inversely proportional to absolute temperature 


I" 
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Directly proportional to square of temperature 
Directly proportional to square root of temperature 
(AIEEE 2011) 
when r, P and M represent rate of diffusion, pressure and 
; molecular mass, respectively, then the ratio of the rates 
of diffusion (rA/rg) of two gases A and B, is given as 
a) TAA (M, ,/'Mp) (2) (PA/Dg) (M,/ Mp)!” 
G) Palpa)” (Mp/My) (9) (Papo) (My/M,)"” 


(4) 


(AIEEE 2011) 
s, The compressibility factor for a real gas at high pressure is 
RT 
+— (2) 1 
(1) l pb 
pe (4) 1-2 (AIEEE 2012 
G) Iter rr ) 


6. For gaseous state, if most probable speed is denoted by C", 
average speed by C and means square speed by C, then for 
a large number of molecules, the ratios of these speeds are 


d) C :€:C21225:1.128:1 


Qy € :Cx€2128:1225 01 


8) C 3€:021:1128:1225 


(4) £ :C:C=1:1.225:1.128 (JEE Main 2013) 


7. If Zis a compressibility factor, van der Waals’ equation at 
low pressure can be written as 


ui eque (2) Z-1- —2 
pb VRT 


b pb 
3) Z=1- £2. 4) Z=1+ — 
(3) p (4) T 


(JEE Main 2014) 

8. Two closed bulbs of equal volume (V) containing an ideal 

gas initially at pressure pi and temperature 7, are connected 

through a narrow tube of negligible volume as shown in the 

figure below. The temperature of one of the bulbs is then 
raised to T,. The final pressure pris: 


Ha HOHE 


TT, hh 
ap A | ar 2] 
T T 
3 | 4)2p.| — 
' ted anzar] 
(JEE Main 2016) 
EE ADVANCED 


Si 
"ele Correct Answer Type 
l. The term that is correct for the attractive forces present in 
à real gas in the van der Waals equation is 


P 


2. For on 


an? 
60) -7 Omb 
(IIT-JEE 2009) 
e mole of a van der Waals gas when b = 0 and 
T = 300 K, the PV vs 1/V plot is shown below. The value of 
the van der Waals constant a (atm. L2.mol?) is 


2 
an 
(1) nb (2) [73 


PV (L atm mol!) 


10 2.0 30 4.0 
1/V (mol L~!) 


(10 (245 (3) 1.5 (4) 3.0 
(IIT-JEE 2012) 


. One mole of a monoatomic real gas satisfies the equation 


p(V — b) = RT where b is a constant. The relationship of 

interatomic potential V(r) and interatomic distance r for the 

gas is given by 
V(r V(r | 

(1) o : Q) 9 - 
Vr V(r 

G) o : (4) o : 


(JEE Advanced 2015) 


Multiple Correct Answers Type 
1. An ideal gas in a thermally insulated vessel at internal 


pressure = P}, volume = V, and absolute temperature = T, 
expands irreversibly against zero external pressure, as 
shown in the diagram. The final internal pressure, volume 
and absolute temperature of the gas are P, V, and T,, 
respectively, For this expansion, 


Irreversible 


> ; 


Thermal insulation 


(1) g=0 
(3) P,V,=P,V, 


(2) T,=T, 
(4) PV! 2 PV," 

(JEE Advanced 2014) 
2. An ideal gas is expanded from (p,, Vi T) to (p,, V^, T.) 


under different conditions. The correct statement(s) among 
the following is (are) 


$74 Physical Chemisty 1. The value of d in cm (shown in the figure) 


(1) The work done by the gas is less when it is expanded fom Graham's lav. is 
reversibly from V; to V; under adiabatic conditions as 0) 12 (3) 16 (4) 29 
compared to that when expanded reversibly from V, to (1) 8 


V, under isothermal conditions 


i BL 


alue of d is found to be smalle, " 
à 


e (53 zero. if ‘ng Graham’s law. This i th 
(2) The change in internal energy of the gas 15 (1) Zero, if sing ISisduegy "| 
it is expanded reversibly with T, = Ty, and (il) positive, (1) larger mean free path for X as compared to that - 
if it is expanded reversibly under adiabatic conditions (2) larger mean free path for Y as compared to that , ty 
with T, + T . :cion frequency of Y with the j 
d ME s sy itis simultaneously (3) increased collision trequ yel he inert, 
(3) Iftheexpansionis carried out freely, 1t1 compared to that of X with the inert gas. 
both isothermal as well as adiabatic |. eX wi | 
(4) The work done on the gas is maximum when it is (4) increased s ca UBN 
~ compressed irreversibly from (Pz V,) to Pp V) JEE Ad | 
against constant pressure p, vanced 2014 | 


2. The experimental V 
estimate obtained u 


compared to th 


d 201 
a 4 Numerical Value Type 


t j is below. 
ess for an ideal gas is shown 1. At 400 K, the root mean square (rms) speed of a gas y 


t rature, l 
lume and pei ae (molecular weight = 40) is equal to the most probable spe 


of gas Y at 60 K. Calculate the molecular weight of 4, 


3. Areversible cyclic proc 
Here. P, V and T are pressure, vo 
respectively. The thermodynamic parameters q, W, 
are heat, work enthalpy and internal energy, respectivly. m 

gas I. 


A(P), Vis T) C(P5, V», T>) (IIT-JEE 2009 
2. The diffusion coefficient of an ideal gas is proportional n 


is mean free path and mean speed. The absolut 
B(P2, Va, T) temperature of an ideal gas is increased 4 times and is | 

Temperature (T) pressure 1s increased 2 times. As a result, the diffusion 

coefficient of this gas Increases x times. The value of xis 

(JEE Advanced 2016 

3. A closed tank has two compartments A and B, both fille 

with oxygen (assumed to be ideal gas). The partition 


Volume (V) 


(1) qac = AU gc and wag = PXF,- V) 
(2) wgc- PX; - V) and Ipc = AH 4c 


(3) AH, < AU, and q c = AU gc l s ' 

(4) qgc = AH yc and AH 4 AU y separating the two compartments 1S fixed and is a perfect 
(JEE Advanced 2018) heat insulator (Figure 1). If the old partition 1s replaced by 

. : a new partition which can slide and conduct heat but dos 
Linked Comprehension Type NOT allow the gas to leak across (Figure 2), the volume (i 


X and Y are two volatile liquids with molar weights of 10 g mol! m?) of the compartment A after the system attains 


and 40 g mol"! respectively. Two cotton plugs, one soaked in X 
and the other soaked in Y, are simultaneously placed at the ends 
of a tube of length L = 24 cm, as shown in the figure. The tube is 
filled with an inert gas at 1 atmosphere pressure and a temperature 
of 300 K. Vapours of X and Y react to form a product which is first 
observed at a distance d cm from the plug soaked in X. Take X and 
Y to have equal molecular diameters and assume ideal behaviour Figure 1 
for the inert gas and the two vapours. SONG ETRE mea 


L =24 cm 


Cotton wool d A Cotton wool , 
soaked in X Jnitial formation — soaked in Y . Figure 2 


of the product (JEE A dvanced 058) 
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Thermodynamics: it oles branch of science which deals 
: wth the interconversion of various forms of energies. It also 
governs transformation of heat into work and vice-versa. 
Chemical thermodynamics is the branch of thermodynamics 
` which deals with the study of processes involving chemical 
energy only. 
, Importance of thermodynamics 
i. To predict the feasibility of a process. 
ii. To predict the yield of the products. 
ii To deduce important generalisation and their 


mathematical expressions like distribution law, phase 
tule, etc. 


|, Limitations of thermodynamics 
i. It deals with macroscopic quantities and not with 
microscopic quantities. 
ii. It predicts feasibility but does not tell about the rate of 
reaction. 
üi. Itconcerns only with initial and final states and does not 
deal with path by which the change is brought about. 
5 System. It is a part of the universe which is selected for 
thermodynamics investigation. 
í. Surroundings. The part of the universe other than the 
system is called surroundings. The system and surroundings 
_ te separated by a real or imaginary boundary. 


: Types of systems. On the basis of the composition, the 
System may be: 


à Homogeneous system. A system having uniform nature 
throughout and consists of one phase only. 
Heterogeneous system. A system which is not uniform 
throughout and consists of more than one phase. 
7 On the basis of exchange of mass and energy, the 
, stem may be: 
` “Pen system. The system which can exchange mass as 
Well as energy with the surroundings. For example, tea 
ii d “Up or a solution of CuSO , in a beaker. 
wig ee The system which can exchange energy 
heatin s surroundings but not mass. For example, 
solid : of Solid iodine in a sealed container. Here the 
lodine sublimes to iodine vapours, but iodine 
Ours cannot escape from the container. 


E Thermodynamics E in 
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iii. Isolated system, The system which can neither exchange 
energy nor mass with the surroundings. Such a system 


is sealed and insulated. For example, piece of ice in a 
thermos flask. 


State of system. The conditions of existence of a system 
when its macroscopic properties have definite values is 
called state of the system. 

State functions. State function is a quantity or property, the 
change in the value of which depends only on the initial and 
final states of the system and is independent of path. 
Thermodynamic properties 


a. Extensive properties. The properties of the system 

which depend upon the amount of substance in the 

system. For example, mass, volume, energy, enthalpy 
Work, etc. 

. Intensive properties. The properties of the system 

which do not depend upon the amount of substance 

present. For example, temperature, pressure, viscosity, 


surface tension, density, refractive index, specific heat, 
etc. 


11. Thermodynamic process 


a. Isothermal process. It is one in which temperature of 
the system remains constant (AT = 0) 


b. Isobaric process. It is one in which the pressure of the 
system remains constant (AP = 0) 


c. Isochoric process. It is one in which the volume of the 
system remains constant (AV = 0) 

d. Adiabatic process. It is one in which the system does 
not exchange heat with the surroundings i.e., no heat 
enters or leaves the system (Aq = 0) 

e. Reversible process The process which is carried out 
infinitesimally slowly so that all the changes occurring 
in the forward direction can be exactly reversed and 
the system maintains equilibrium with the surrounding 
at every stage of the process. It is a multistage process. 
For a process to be reversible, friction, resistance, 
etc., should be absent and secondly there should be 
thermodynamic equilibrium. It is an ideal process and 
cannot be observed in reality. 

f. Irreversible process The process which is not carried 
out infinitesimally slowly so that all the changes 


6.2 Physical Chemistry 


occurring in the forward direction cannot be exactly 
reversed and the system does not maintain equilibrium 
with the surrounding. It is a single stage process. 
All natural processes are irreversible in nature. 
g. Cyclic process It is the one in which the system returns 
to its original state after a number of reactions. For such 
a process AU = 0 and AH = 0. 
12. Work and heat 
a. Work is a mode of energy transfer to or from a system 
with reference to the surroundings. When the system is 
in equilibrium no work is being done. It appears only 
during a change of state of the system. 
Mathematically, mechanical work is given by the 


expression, 
Wor 2-P ext AV 

The differential form of expression is 
dW — —P dV 


ext 
Maximum work is possible if P... is maximum. This is 
possible when the process is reversible. Thus, 
m 2 um 
Work done in isothermal reversible expansion of an 


ideal gas is given by 
a oP nRT log = —2.303 ART tog 
7 P, 
b. Units of work. C.G.S. unit of work is erg or dyne-cm 
S.I. (or M.K.S.) unit of work is joule or N-m. 
1 J 7 10 erg 
1 kJ = 1000 J 
c. Heat, (q). It may be defined as the amount of energy 
that flows between system and surroundings due to 
difference in temperature. 
q-mxxxt 
where m = mass of the substance, c = specific heat, 
t = temperature difference. 
d. Units of heat are calorie and joule 
1 J = 0.2390 cal 
1 cal = 4.184 J 
IL-atm = 101.3 J = 24.206 cal = 1.013 x 10? ergs 


13. Conversion of heat into work (Carnot cycle) 


The machine used for the conversion of heat into work is 
called heat engine. Carnot gave an imaginary reversible 
cycle which demonstrates the maximum conversion of heat 
into work. Here the system consists of one mole of an ideal 
gas enclosed in cylinder fitted with a frictionless piston. The 
heat engine takes heat from the reservoir at hi gh temperature 
(called the source) converts some heat into work and returns 
the remaining heat to another reservoir at low temperature 
(called the sink). Steam engine is one common example. 


a. Efficiency of heat engine. 
_¥ Q-Q n-m, 
Q.. Q, T T, 


7 


14. 


16. 


| Old convention 
Formula used: g = AU+ W 


Work done by the system: + ve | Work done by the system: -ve 
Work done on the system: —ve | Work done on the system: *ve 


15. 


ii 


where W is the work done, Q, and Q, are the heat gp. 
from the source and heat returned back tot Orb, 
respectively, T, and 7, are the temperatures of the i Sin} 
and sink respectively. Larger the temperature die 
between the source and sink, larger will be the efc | 
of the engine. Cleng 
Since 7, has a finite positive value and is never 
is evident that 7] is always less than one. 
EY 
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Internal energy (U or E) 

a. It is the definite quantity of energy possessed bv; 
substance and depends upon the chemical a 
temperature pressure and volume. It is a state functi, 
whose absolute value cannot be determined as it jc "e 
of many types of energies such as translation, rotations; 
vibrational, electronic, and bonding energy of molecule 
(coulombic energy) between the electrons and the nucle; 
in the atoms etc. and absolute value of each type canno 
be determined. 

U= U rans + Uot T Ovi T Uy, 
However, the change in internal energy, AU can be 
calculated and is represented by 


AU =U, =U, 


U 


. + . 
nding electronic 


AU also represent the heat change occurring during the 
process at constant volume and constant temperature 
(4, ). It is determined with the help of Bomb calorimeter 


b. Sign convention of work (W) 


New SI convention 
Formula used: Q = AU- W 


First law of thermodynamics 
It states that energy can neither be created nor be destroyed 
although it can be converted from one form to another. This 
means that the total energy of the universe remains constant 
This law was put forward by Mayer and Helmholtz. 
Mathematical formulation: 

q-AU-W 
where AU = internal energy change, 4 = 
W = work (it refers to all types of work, i.e., expansion " 
well as W 


non-expansion' 
There are many indirect proofs in favour of firs 


heat change 


t law. 


For example, 
a. a perpetual motion machine cannot be constructed. 
b. energy is conserved during chemical reactions, and - 
b. for every 4.184 J or work done, ! calorie of heat ^ 

evolved. 

Enthalpy or heat content (H) 


Since majority of reactions are ca 
therefore these are subjected to constant pressure e 


a A 


Thermodynamics 


anges under such conditions 


C are different fr d energies 
ginc? jn at constant volume conditions, therefore is M. AH? = Bond energies of reactants — X Bon 
NT : ; À new ' 
nod namic oe Lo denoted by H, is defined. — inii. 
he matically expressed as . Heat capacity "T 
It's ate H-U-«PV It is the heat required to raise the temperature of ed 
; : : by one degree. For one mole of a pure substance, It Is 
onl js a state pe and is an extensive property. molar heat capacity (C,,). 
p» olute value of H cannot be calculated but the change Types of heat capacity 
T -halpy AH can be calculated. It represents heat change AE 
: .onstant pressure: i. Heat capacity at constant volume, Cy- E " 
C . . : 
exothermic reactions, AH < 0, while for endothermic » 
f ions. " . "EL 
actio . i : ii. Heat capacity at constant pressure, Ca [2] 
e pxothemic reactions are chemical reactions which apania P F OT jp 
» roceed with evolution of heat. In other words, heat is For an ideal gas, C, — Cy = R 


given out by the reacting substances and enthalpy of the 
products is lowered. 

pone: Th j ing th ction when the 
AH = H,- H, = —ve e heat change taking place during the rea 

as number of moles of reactants and products are the same as 
indicated by the balanced chemical equation, is referred to 
as heat of reaction. Thus heat of reaction is the quantity of 
heat evolved or absorbed in a reaction. It is denoted by AH 
and is expressed in joules (J) or kilo joules (kJ). 


where R is gas constant. Thus, C, Cy 


20. Heat of reaction 
or 


Hence AH is negative for exothermic reactions. Likewise 
AU is also negative in these reactions. 

_ Endothermic reactions are chemical reactions which 
proceed with absorption of heat by the reacting 
substances. The enthalpy of the products, therefore, 
becomes more than the enthalpy of reactants. AH = XH, - XH ip) 


em 


or Hy? Hg For exothermic reactions: ZH, < ZHg& — -- AH is —ve 
Hence, AH is +ve for endothermic reactions. Likewise 


AU is positive for these reactions. A - 
‘ — Standard heat of formation is the heat of formation 
i. Bond energy and bond dissociation energy 


Saa ii d er pests of the compound under standard conditions, 298 K and 
jon ando NS d aeo d TUONO OFEN 1 atmosphere pressure are taken as standard conditions. 
mole ofa particular type of bonds in gaseous molecules. Its 


ssrisla mol. It should beimoted tiat Standard heat of formation of all elements is taken as zero. 


If an element exists in more than one allotropic forms, 
i. In diatomic molecules, the terms bond energy and bond ; i - 
"DF the most stable allotropic form is taken as standard form. 
dissociation energy have same meaning, e.g, for H, Standard enthalpies of formation of graphite and rhombi 
molecules, the value is 433 kJ mol”! P grap ci 
sulphur are taken as zero. 


For endothermic reactions: XH, = XH, - AH is +ve 


21. Various forms of heats of reactions 


ü. In polyatomic molecules containing more than one 


similar bonds, the bond energy is average of bond Standard enthalpy of formation data can be used to calculate 
dissociation energies of various similar bonds. enthalpy of reaction. 
Use of bond energy data: To calculate enthalpy changes AH? eig EH, (Products) - AH " (Reactants) 


in a reaction. 
2, Different type of standard enthalpy changes (based on IUPAC recommendations) 
Transition enthalpy Example 


l 
Enthalpy of formation 
Itis always negative 


Symbol 


One mole of the compound formed 
from its constituent elements. 


Na(s) +1/2C1,(g) —? NaCl(s) 


“One mole of the compound (fuel) is burnt 
completely in oxygen (oxidation). 


2, : 
Enthalpy of combustion H- 


A onh 


CH (g) + 20,(g) — 


One mole of the vapour formed trom the 


liquid without a change in temperature, 


3, 
| Enthalpy of vaporisation | H5O(l) —? H,O(g) 


One mole of the liquid formed from the 
solid without a change in temperature. 


AJR 
nthalpy of fusion H,O(s) — H,00) 


ous substance broken 


One mole of the gase 
into isolated atoms in the gaseous phase. 


hip 
nthalpy of atomisation | H5(g) — 2H(g) 


contd. 


contd. 
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7. | Enthalpy of 
neutralisation 


E Enthalpy of sublimation 


~ Enthalpy of ionisation Na(g) —> Na®(g) + e 


HCl(aq) + NaOH(aq) —? 
H,O + NaCl(aq) 


H,0(s) — H,O) - 


10. | Electron-gain enthalpy X(g) + € —> X(g) 


11. | Bond dissociation HX(g) — H(g) + Cl(g) 
enthalpy (bond A—B) 


12. Lattice enthalpy KCl(s) —> K®(g) + C1°(g) 
| oor QR 
K*(g) + Cl°(g) —> KCl(s) 
Enthalpy of solution A(s) + H,O(excess) —o A(aq) 


14. 


15. 
16. 


18. Heat of hydrogenation CH, = CH,(g) + H,(g) 
y 


| 19. Heat of transition 8, j 7? 5 


| 


or 
Enthalpy of dissolution 


Enthalpy of hydration a. X*(g) —> X*(aq) 
b. CuSO,(s) + 5H,0() —> 
CuSO, - 5H,0(s) 


Enthalpy of mixing Pure substances ——> Mixture 
Integral heat of solution | KCl(s) + 200 H,O (1) 
d 


|. KCI (200 H,O), AH = +18.6 kJ 


. Differential heat | Note: Integral and differential 
of solution heat of solutions are not the 
same 


Ue | 


Enthalpy change taking place in a reaction, | A H 


Enthalpy released when 1 g equivalent 
of an acid or (base) is completely 
neutralised by a base (or acid). 

Heat of neutralisation of strong acid-strong 
base = —57.1 kJ = -13.7 kcal 


One mole of the vapour formed from 
the solid. 

One mole atoms ionised—all species 
in gaseous phase. 


One mole of anions being formed from AE 
all species in the gaseous phase. 


One mole of bonds broken—all species in | AHO 
the gaseous phase. 


Enthalpy released when the crystal lattice | A jt? 
of one mole of a compound is formed from 
its constituent gaseous ions. 


One mole of the solute dissolved in excess A ul 
of solvent so that further dilution produces 
no enthalpy change. 


a. One mole of the ion in gaseous phase is | A uH 
hydrated to give hydrated ions. | 


b. Enthalpy change occurring when one 
mole of anhydrous substance is 
dissolved in exact amount of water to 
give hydrated compound. 


One mole of each of the two or more. | A uH s 


Enthalpy change of 1 mole of solute when No symbol 
it is dissolved in a pure solvent to givea — | 
solution of given concentration. 


Enthalpy change of 1 mole of solute when No symbel 
it is dissolved in such a large volume of 

solution of known concentration so that no 

ethalpy change occurs on further dilution. 


CH, ~ CH,(g) 


(m) 


AH = *2,5 kJ 


Se IEEE 


23. lonisation energy and electron affinity 


lonisation energy and electron affinity are defined at absolute 
Zero. At any other temperature, heat capacities for the 
reactants and the products have to be taken into account. 
Fnthalpies of reactions for 


M(g) —, Mg) + e (for ionisation) 


— 


~ ’ i l p vhol 
Enthalpy change when 1 mole of an No sym 
unsaturated organic compound is fully 


hydrogenated. 


RETRA E —€ —————— f | 
wi URERA: Y n " lae mbo! 
Enthalpy change when | mole of the No sy 
substance undergoes transition from one 
allotropie form to another. | 


M(g) +e —> M (g) (for electron gain) 


at temperature Tis 


; 
A,H''(T)=A,H° (0) + [A,C» aT 


TL 
ove react 


0 . 
The value of C, for each species 1n the ab 


-> 
A 


Lo ad 


~ 
n” 


is 


M "- 
AC, = us (for ionisation) 


! 


us S 
AC = > R (for electron gain) 


ó (ionisation enthalpy) 
ee y 
2 By (ionisation energy) 2 RT 
pe (electron gain enthalpy) 
b 


| 


5 
__FA (electron affinity) — ah 


paws of thermochemistry 


; „ Laplace and Lavosier law. According to this law, heat 


absorbed or evolved in a chemical reaction is opposite 
and equal to heat change when the reaction is reversed. 

p, Hess’s law of constant heat summation. The heat of 
reaction depends only on the enthalpy of reactants and 
products and not at all on the intermediate products. In 
other words, AH for a reaction is independent of the path 
of manner by which the reaction is brought about. 

Applications of Hess’s law 

i, To determine heat of transition i.e., conversion of one 
allotropic modification to another. 

ii. To determine heat of intermediate steps in a reaction. 


iii, To calculate heat of reactions of known/unknown 
reactions. 


iv. To calculate bond energies. 

Zeroth Law of thermodynamics 

According to this law, if two systems A and B separately are 
in thermal equilibrium with another system C, then system 
Aand B will also be in thermal equilibrium with each other. 


. Second law of thermodynamics 


The first law of thermodynamics does not help us to predict 
whether the process in question can occur spontaneously or 
not (i.e., whether it is feasible or not) and if so, in which 
direction. The answer to this problem is provided by 
second law of thermodynamics. The statement of the law 
is developed in terms of the entropy criterion. 

The second law states that entropy of isolated system tends 
to increase and reaches a maximum value. This means that 
the most stable state of an isolated system is the state of 
maximum entropy. 


There are several other statements of the second law. 

|. Clausius stated that it is impossible to transfer heat from 
a cold to hot reservoir without doing some work. 
Kelvin stated that it is impossible to convert all the heat 
taken from source to work, without losing some of it to 
_ Colder reservior. 
us Caratheodory postulated that in the neighbourhood of 


“Very equilibrium state of a closed system, there are 
States which cannot be reached. 


ii, 


e 
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iv. Boltzmann stated that, nature tends to pass from in 
probable to a more probable condition. The cont 1 um 
of maximum probability is the one of the maxim 
randomness. 

27. Entropy 


It is the extensive thermodynamic property of the system 
which provides a measure of its degree of disorder or 
randomess. It is denoted by S. The change in entropy during 
the process is mathematically given by the ratio of heat 
absorbed by the system (q) in the reversible manner to the 
temperature (T) at which it is absorbed. 


AS =(S,-S,)= = 
It is a state function. The unit of entropy is J K"' mol". 


28. Spontaneous and non-spontaneous processes 


a. Spontaneous process. The physical or chemical process 
which occurs in a particular set of conditions either of its 
own or after proper initiation is known as spontaneous 
process. All natural processes are spontaneous 
processes. Further, spontaneous process cannot reverse 
oftheir own. For a process to be spontaneous in isolated 
systems the sign of AS should be positive. Since large 
number of processes are carried out in open vessels 
therefore in such cases we have to take into account the 
total entropy change i.e., entropy change of system and 
entropy change of surrounding 


AS total = AS ys. * AS ur >0 


S 


if system changes from A to B, either reversibly or 
irreversibly, then entropy change is given as 


EL. 
AS ys. i a 
and the corresponding entropy change in the surrounding 
AS = fw 


SUIT. T 


i.e. AS ys. + AS... =0 (For reversible process) 

or Ays +AS...709 (For irreversible process) 
From the above expression follows the statement of 
second law that the entropy of the universe (system and 
surroundings taken together) always increase during the 
course of any spontaneous change. 


b. Change in entropy (AS) and spontaneity of 
exothermic and endothermic process 


1. For an exothermic process, AS (surrounding) is 
always +ve. 


a. If AS (system) is also positive, the process is 
always spontaneous as 


AS ror = AS aes + AS 


otal - system surrounding >0 

b. If AS (system) is negative, the process will be 
spontaneous only if AS... is positive. In such 
a case, the process will be spontaneous only if 
increase in entropy of the surrounding is more 
than the decrease in entropy of the system. 
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2. For an endothermic process, AS (surrounding) is 
always -ve. The process will be spontaneous only if 
the entropy of the system increases and the increase 
in entropy of the system should be more than the 
decrease in entropy of the surrounding such that 
ASrol 20 
c. Non-spontaneous process. 4 process that does not 
occur of its own, i.e., a process which does not have 
anv natural tendency to occur is termed as non- 
spontaneous process. 
To perform a non-spontaneous process, energy from 
some external source has to be supplied to the system. 
For example, lifting of water to higher level with the 
help of electric motor is a non-spontaneous process. 
29. Entropy changes in processes 
a. Entropy change during isothermal reversible 
expansion of an ideal gas 


NES 
T 
According to first law, AU = q + W. As the process is 
isothermal, therefore, AU = 0. 
or q--W 


rev. 


V, 
Ás W..—--nRTlnn—- = 2.303 nRT log-- 
TEV; V, 2 


V> P 

q = 2.303 RTlog— = 2.303 RT log — 

V; P, 

For 1 mole of a gas at constant temperature conditions, 
the entropy change is given as (n = 1) 


V. V. 
as 2.2303 F3 tog P2 = 2.303 R log 2 
T T TUE V, 


l l 


= 2.303 R log 2 
P 

b. Entropy change during adiabatic reversible 
expansion ; 
In such processes q — 0 at all stages hence AS = 0, Thus, 
reversible adiabatic processes are called isoentropic 
processes. 

C. Entropy change when pressure is constant (isobaric 
process) 


7, ! 
AS = 2.303 C, log L, C, = heat capacity at constant 
pressure. 7 


d. Entropy change when volume is kept constant 
(isochoric process) 


AS = 2.303 C' log 2 
J 


Positive 


Always negative, 
————— — RE 


30. 


Negative at low temperature. 
Positive at high temperature. 


c. Entropy change during phase transition 


AS =S,- S, = fiev. _ AH 
T 7 
"mE AH 
AS fis B EM AS vap. = —P. 
fus vap. 
(fus. = Fusion, vap. = vaporisation) 
a. Criterion of spontaneity 


(48), 20. (dG), , S0 or 


(dU) (S0 or ( diy 
where inequality (< or >) refers to an irr 
(spontaneous) while equality (=) refe 
process at equilibrium. 

b. Exoergonic reactions. An eXoergonic reaction ; 
reaction which is accompanied by decrease of on 
energy i.e., a reaction for which the AG is negati i 
spontaneous processes are exoergonic reactions, 

c. Endoergonic reactions. An endoergonic Teactio, 
is a reaction which is accompanied by increase. 
Gibb's energy i.e., for which AG is positive All nop. 
spontaneous processes are endoergonic reactions. 

d. Effect of temperature on spontaneity 
i. For exothermic reaction, AH = — ye 

TAS = +ve or —ve 
If TAS is +ve then AH is always —ve 
If TAS is —ve then for AG to be —ve, T should be low 
Thus, exothermic reactions are favoured by decrex: 
in temperature. 

ii. For endothermic reactions, AH = +ve 

TAS = +ve or —ve 
If TAS is —ve, then AG > 0 (reaction is nor- 
spontaneous) 
If TAS is +ve, then for AG to be —ve T should be biz”. 
Thus, endothermic reactions are favoured by incre 
in temperature. 


- 


), P ~ ! 
eversible Proca. 


31. Gibb’s energy (G) 


Gibb’s energy of a system is the thermodynamic que 
the decrease in the value of which during the process is S 
to the useful work done by the system 


(-AG = WF sili! we 
It is the amount of energy freely available trom 2 Fn 
at particular conditions which can be put into useful we 
During any process the change in Gibb's energy 8 27 
the expression 
AG = G,-G, us 
AG is also related to AH and AS as: AG = AH- - 
This expression is called Gibb's Helmholtz equation 


ratures. 


Spontaneous at all tempe i 
mperatures: 


Non-spontaneous at all te 
temperature 


a jed reactions. A NN-spontaneoys react: 
4 um made spontaneous by coupling. Wh, action 
p cm taneous reaction (1.€., a reaction : ' hen à non- 
S m is coupled with another io. E ins AG is 
P^ ig y negative, then both the in Which AG 
;imultaneously. | "S can occur 
" example, for the reaction 
spe 0:9 + 4Fe(s) + 304g); AGO = *1487.0 kJ mol! 
and for the reaction 
cog * 0X8) > 2CO8); AG^——1543 2 k] mori 
The change in free energy for the combination of these 
two reactions, 
AG" = —56.2 kJ mor! 
is negative, the reduction of Fe,0, with CO is 
spontaneous process. 
Change in Gibb's energy and equilibrium constant. 
For a reversible reaction at constant temperature and 
constant pressure, the equilibrium composition of 
reaction mixture corresponds to lowest point on Gibb's 
energy and progress of reaction curve. 
i. AG? = -2.303RT log k. 
ii. For endothermic reaction, AH* = +ve, 


— 


In k and hence k is small. 


iii. For exothermic reaction, AH® = —ve 
In k and hence k is large. 
c. Change in Gibb's energy and EMF of a cell 
LAG= M Vei 
For electrochemical cell, AG = -nF E. 
ii. If reactants and products are in their standard state, 
AG? = -nF E? 


cell’ 
where n is the number of moles of electrons involved 


in the redox reaction and E cell is the EMF of the cell. 
3. Third law of thermodynamics 


The entropy of a substance at absolute zero is taken to be 
zro, It is used in calculating absolute entropies of pure 
substances at different temperature. 
T 
$- S, AS = ecd - C. In T- 2.303 C, log T 
T° ” 
0 


where S, and S, are the entropies at TK and 0 K, respectively. 


OME IMPORTANT FORMULAE 


l. Joule's relationship between mechanical work done (W) and 
“al produced (H) is 
W= Hor W — JH 
Where J is called mechanical equivalent of heat. Its value 18 
~ 4.184 x 107 ergs = 4.184 J. 
4S Work done when 1 calorie of heat is produced = 4. 184 J. 


d , 44 » t si n 
ork done by a gas for isothermal irreversible expansio 


om " stant external 
Dr volume V, to volume V, against a constant 
essure P is; 


=101.3J 
V 7 -P(, — V,)=-PAV (1L atm = 101.3 J) 


Thermodynamics 


According to first law of thermodynamics, AU-qTW 


where q is the heat absorbed by the system and w is the ida 
done on the system. 


Sign conventions for AU, q and w 

If energy is absorbed by the system, i.e., internal energy 
increases, AU is positive. 

If energy is released, i.e., internal energy of the system 
decreases, AU is negative. 

If work is done on the system, w is positive. 

If work is done by the system, w is negative. 

If heat is absorbed by the system, q is positive. 

If heat is given out by the system, q is negative. 

5. AL P Reaction = LAH” (Products) ~ YAH” Á Reactants). 


6. AH reaction = XB.E. of Reactants — XB.E. of Products. 


7. Enthalpy, H = U + PV 
Enthalpy change, AH = AU + PAV 
8. Heat capacity, C = 1 
pacıty T-T, 


where q is the heat absorbed to raise the temperature from 
T, and T,. 


9. C, (UT), and C, = (OHT) p. 


10. Cp- C,=R. 


11. Work done in isothermal reversible expansion, 


Wax, = 72:303 nRT log - (V,/V,) = -2.303 nRT log(P,/P,). 


(This is the maximum work obtained in an isothermal 
reversible expansion.) 


12. For reversible adiabatic expansion, PV” = constant, 


TV*-! = constant 
and TP? - ?/'— constant, where y= C,/C,. 


13. Work done during adiabatic expansion of n moles ot an idea! 


gas =n CT, - T). 


14. g,=AU and qp = AH 
15. p= gyt An RT or AH = AU + An RT where An, =j Ny. 


E . « AH, — AH, i 
16. Kirchoff's equation is —————- = AC, and 
AU; - AU Bh | 
LU AC, 
T,-f 


17. Change in internal energy (for combustion) is determined 
by Bomb calorimeter. 


Y Mw 
AU = C X At X — 
m 
where C = heat capacity ot the calorimeter, At=(t,-t)= 
rise in temperature, n 7 mass of the substance taken, and 
Mw ~= molecular mass of the substance. 

, W T-T 
“neiency of heat engine, 1] 7 — 7 ———- 
18. Efficiency | ^ a - 


2-4 
where q, = heat absorbed by the system at temperature T, of 
the source, q, = heat rejected by the system at temperature 
T, of the sink and W = net work done. 

| 


19, Entropy change, AS = qey! T. 
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20. 


21. 
22. 


25. 


AS, + AS i, 2 0, where sign ‘=’ refers to a reversible 
system S : x d 
process (equilibrium) and sign ‘>’ to an irreversible process 
(spontaneous process). 
/ = 
ASA, = AH ius! T, and AS ap AH a Ty: 


Entropy change of an ideal gas (for 1 mole) 


T; V. 

AS = 2.303[ G, log— + R log : 
Ti V, 

I; P 

- 2,303| C, log + R lo i 
30 P eT PB 


At constant temperature (isothermal process) 


"A P 
AS = 2.303 R log = = 2.303 R log F5 


1 2 


At constant volume (isochoric process) 


T. 
AS = 2.303 C, log 
T 


At constant pressure (isobaric process) 


T 
AS = 2.303 Cp log 
1 


. Gibb’s energy, G = H — TS 


Gibb’s energy change, AG = AH — TAS. 


. AG* = XG“Products) - XG? (Reactants). 


AS- = ZS* (Products) — XS? (Reactants). 


- If AG is negative, process is spontaneous. 


If AG is positive, process is non-spontaneous. 
If AG is Zero, process is in equilibrium. 


— y 


27. 
28. 


29. 


30. 
. Total differential equation: dG = VdP — SáT 
32. 


3 


pod 


AG = W seful* Ee 
Clausius-Clapeyron equation: For Liquig 
equilibrium, ™ Va, 


Oo Bo M, IST 
P 2303R| TT, 


where P, and P, are vapour pressures at 
and T, respectively or P, and P. are the pr 
the boiling points are 7, and T, respectiv 
latent heat of vapourisation. 


©Ssures 4 wh 


ely and AH 


The criterion for equilibrium is 
AG-0 
Gibbs energy for a reaction is which al] re 


products are in standard state, A G^ is related to 
constant of the reaction as follows: 


AG - AG? - RTInk 
0— A,G? - RTInk 
Or A,G? = -2.303 RT log k 


actants ~. 
equilib 


Note: At equilibrium, A G = 0, but A G° «0. 
AG? ==nFE° jp 


At constant temperature, 7 


(2€) =v 
OP’ r 


At constant pressure, P 


EE 


"P 


| Urglo 


le feasipit 
Condit 
biven 


h. l rocesses are accompanied either b 
ane of energy. For example, removin 
gen atom, breaking a carbon hydro 
ro : : 
ne m oxide and CO, from calcium carbonate etc., all pro 
i^ ;orption of energy. On the other hand, burning of c caed 
au . ~ . ar 
„action of hydrogen and oxygen proceed with the evol on 
jT The chemical energy may also be used ution 


re : to don : 
al one “to provide electrical energy through a , nechanical 


. alvanic cell 
" such 
ye cell. Thus, various forms of energy are interrelated and 


* ier certain conditions, these may be transformed from one form 


nd i 3 

i " another. The study of these energy transformations forms th 
n matter of thermodynamics. ° 
UU 


al 


Y absorption or by 
8 an electron from 
gen bond, forming 


“Thermodynamics is derived from Greek words ‘therme’ 
ju djynamis Its literal meaning is motion or flow 
heat (thermos). However, the term is used in a more general 
a Thermodynamics is a branch of science that deals with the 
asntitatiVe relationship between heat and other forms of energies. 
ae we confine our study to thermodynamics of chemical 
ancesses, it is referred to as chemical thermodynamics. 


(dynamics) 


Thermodynamics is not concerned with the total energy 
¥ the body but only with energy changes taking place during 
" transformation. The study of thermodynamics is based on 
áree generalisations derived from experimental results. These 
zxralisaüons are known as first, second, and third law of 
aemodynamics based on human experience and there is no formal 
zoo for them. Scientists are of the view that nothing contrary to 
asse laws will ever occur. 


scope and limitations of thermodynamics 
The importance of thermodynamics is: 

* Predicts the feasibility of the chemical reaction under the 
given set of conditions. 

* Predicts the extent to which the chemical reaction can occur 
before the equilibrium is attained. 

‘ Provides the explanation of the macroscopic (i.e., bulk) 
properties of matter in terms of the concepts that are 
supported by the microscopic views of our material world. 

Most important laws of physical chemistry such as Raoult's 
Zi, van't Hoff law, distribution law, phase rule, law of equilibrium, 
ws of thermochemistry and expression for elevation in boiling 
Point and depression in freezing point are in accordance with laws 
‘thermodynamics. 

Limitations of thermodynamics: (a) The laws of 
hemodynamics apply only to the matter in bulk, i.e., macroscopic 
"sem and not to individual atoms or molecules of the macroscopic 
em, Thermodynamics does not deal with internal structure 
of atoms and molecules. (b) Thermodynamics can only predict 
sibility or spontaneity of a process under a given set : 
lons but does not tell anything about the rate at uen i : 
Process may proceed. It is only concerned with initial an 


si ‘lates of the system. For example, thermodynamic! P pein 
i un 
ordi he reaction between oxygen and hydrogen 15 icon 


| j t 
"ad conditions but does not tell whether the reaction is fas 
W 
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In this unit, we would like to answer some of the important 
questions through thermodynamics such as: 


* How do we determine the energy changes involved in a 
chemical reaction/process? Will it occur or not? 


* What drives a chemical reaction/process? 


* To what extent do the chemical reactions proceed? 


6.2 THERMODYNAMIC TERMS 


We are interested in chemical reactions and the energy 
changes accompanying them. For this we need to know certain 
thermodynamic terms. These are discussed below. 


6.2.1 THE SYSTEM AND THE SURROUNDINGS 


a. System: A system may be defined as any specified portion 

of matter under study which is separated from the rest of 

the universe with a bounding surface. A system may consist 
of one or more substances. 

. Surroundings: The rest of the universe that might be in 
a position to exchange energy and matter with the system 
is called the surroundings. In simple cases, surroundings 
generally imply air, or water-bath in which a system under 
examination is immersed. 


The surroundings include everything other than the system. 


The system and the surroundings together constitute the 
universe. 


Thus, 
Universe = System + Surroundings 


However, the entire universe other than the system is not 
affected by the changes taking place in the system. Therefore, 
for all practical purposes, the surroundings are that portion of the 
remaining universe which can interact with the system. Usually, 


the region of space in the neighbourhood of the system constitutes 
its surroundings. 


For example, if we are studying the reaction between two 
substances A and B kept in a beaker, the beaker containing the 
reaction mixture is the system and the room where the beaker is 
kept is the surroundings (Fig. 6.1). 


System 


Fig. 6.1 System and the surroundings 


Note that the system may be defined by physical boundaries, 
such as beaker or test tube, or the system may simply be 
defined by a set of Cartesian coordinates specifying a 
particular volume in space. It is necessary to think of the 
system as separated from the surroundings by some sort of 


6.10 Physical Chemistry P 
wall which may be real or imaginary. The wall that separates Macroscopic Properties of the System | 


the system from the surroundings is called boundary. This 
Is designed to allow us to control and keep track of all 
movements of matter and energy in or out of the system. 


Types of the System 


We further classify the systems according to the movements of 
matter and energy in or out of the system. 


a. Open system: In an open system, there is exchange of 
energy and matter between the system and the surroundings 
[Fig. 6.2(a)]. The presence of reactants in an open beaker 
is an example of an open system. Here the boundary is an 
imaginary surface enclosing the beaker and the reactants. 

b. Closed system: In a closed system, there is no exchange 
of matter, but exchange of energy is possible between the 
system and the surroundings [Fig. 6.2(b)]. The presence of 
reactants in a closed vessel made of conducting material, 
€.g.. copper or steel, is an example of a closed system. 


' Surroundings 


c. Isolated system 


Fig. 6.2 Open, closed, and isolated systems 


c. Isolated system: In an isolated system, there is no exchange 
of energy or matter between the system and the surroundings 
[Fig. 6.2(c)]. The presence of reactants in a thermos flask or 
any other closed insulated vessel is an example of an isolated 
system. 

On the basis of composition, there are two types of systems: 

a. Homogeneous system: A system is said to be 
homogeneous when it is completely uniform throughout. 
A homogeneous system is made of one phase only. 
Examples are: a pure single solid, liquid or gas, mixture 
of gases and a true solution. 

b. Heterogeneous system: A system is said to be 
heterogeneous when it is not uniform throughout, i.e., it 
consists two or more phases. Examples are ice in contact 
with water, two or more immiscible liquids, insoluble 
solids in contact with a liquid, a liquid in contact with 
vapour, etc. 


Thermodynamics deals with matter in terms of bulk (larg, 
of chemical species) behaviour. The properties of the e "np, 
arise from the bulk behaviour of matter are calleg m i 
properties. The common examples of SIMSEGSODDIG Proper; i 
pressure, volume, temperature, surface tension, visc Osity l 
refractive index, etc. 

The macroscopic properties can be subdivided into twoi 


ir 
Cro. qd 


dh 
deny, 


a. Intensive properties Des 


b. Extensive properties 

a. Intensive properties: The properties that do Not de 
upon the quantity of matter present in the System ii 
of the system are called intensive properties, Fo, en S. 
temperature (7), pressure (P), concentration, density P 
moment, refractive index, surface tension, molar Ma. 
gas constant (R) specific heat capacity, vapour The 


. è " pressi 
specific gravity, dielectric constant, and emf of dry is 


Extensive properties: The properties whose magnit 
depends upon the quantity of matter present in the Syster 
are called extensive properties. For example, volume, ener 
heat capacity, enthalpy, entropy, free energy, length, ai 
mass. 

It may be noted that the ratio of the two extensive propertie 
becomes intensive in nature. For example, mass and volume 4. 
extensive properties, but the ratio of mass/volume, i.e., dens; 
is intensive; it is independent of quantity of matter. Similar 
heat capacity is extensive, but molar heat capacity is intensive 
In general, if x is any extensive property of n mol of system. t 
molar property of the system x, is intensive because it rez 
to the property of 1 mol of the system and is independent of tz 
quantity of matter: x, = x/n. 


= 


6.2.2 STATE OF SYSTEM AND STATE VARIABLES 


The system must be described in order to make any use 
calculations by specifying quantitatively each of the propers 
such as its pressure (P), volume (V), and the temperature (7 9 
well as the composition of the system. 


The condition of a system is referred as its state and Ù 
measurable properties required to describe the state of the ss? 
are called state variables or state functions, These variables * 
inter-related with each other and by assigning two or three of thes 
variables, others are automatically fixed. 


6.2.3 STATE FUNCTION AND PATH FUNCTION | 
A physical quantity is said to be a state function it its value depe™ 
only upon the state of the system and does not depend upon , 
path by which this state has been attained. For example, ape 
standing on the roof of'a five-storeyed building has a fixed poten" ; 
LHETBY, irrespective of'the fact whether he reached there by E 

by lift. Thus, the potential energy of the person is a state func act | 
On the other hand, the work done by the legs of the person © ^, 
the same height is not same in the two cases, i.e., whether di 


by lift or by stairs. Hence, work is a path function. 


IN 
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cess i8 the path along which a Change of state tak 
AP voces can occur under a variety of condi axe 


; tions whic 
he P se many th S Whi 
i efned Deanne? y Mings may depend On the n 


cess: . 
The various types of the process are: 
" Isothermal process: The process is termed isothermal i 
temperature remains fixed, i.e.. Operation is done at c ie if 
temperature. This can be achieved by placing the ; an 
constant temperature bath, i.e., thermostat. Foran a Ina 
process, dT — 0, i.e., heat is exchan Yermal 


. ged with the surround; 
and the system is not thermally isolated. ndings 


b. Adiabatic process: If a process is 
condition that no exchange of he 
the system and the surroundings, the Process is termed 
adiabatic. The system is thermally isolated, i.e., dQ - 0. This 
can be done by keeping the System in an insulated container, 
i\e., thermos flask. In adiabatic Process, the temperature of 
the system varies. 


c. Isobaric process: The process is known as is 
the pressure remains constant throughout 
dP - 0. 

d. Isochoric process: 
which v 
dV - 0. 


ature Of the 


Carried out under such 
at takes place between 


obaric in which 
the change, i.e., 


The process is termed as isochoric in 
olume remains constant throughout the change, i.e., 


e. Cyclic process: When a system undergoes a number of 
different processes and finally returns to its initial state, it is 
termed cyclic process. For a cyclic process dE = 0, dH = 0. 
For example, in a process shown below, the system returns 
to the original state A after successive changes. 


AP VT) —> BPP => aA) 
—— AP Tp 
The graphical representation of various chemical processes 


W.LL pressure volume behaviour of given amount of ideal 
gas has been shown in Fig. 6.3. 


Isobaric 


2 


Isochoric 


Pressur 


Volume ——? 


"i. 6.3 Graphic representation of various thermodynamic process. 


p ERSIBLE AND IRREVERSIBLE PROCESS 


SMS reversible and irreversible refer to the path or manne! 

7 the process is carried out. — 
*versible process: A process which occurs iris : 
Slowly, i.e., opposing force is infinitesimally smaller E 
Ving force and when infinitesimal increase in the oppose 
orce can reverse the process, it is said to be a piesa 
ess. In fact, a reversible process is considered to proc i 

tom initial state to final state through an infinite series 
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infinitesimally small stages and lly 
in state of equilibrium. A rey 
Process and cannot be re 


at every stage it is virtually 
ersible process is an ideal 
alised in practice. 

Irreversible process: When t 


lo final state in a Single step in finite time and cannot be 
reversed, it is termed ag irreversible process. In such a case, 
equilibrium state exists only at the initial and final stages 
of the process. An irreversible process is spontaneous in 


nature. It is real and can be performed in practice, AJ] natural 
processes are irreversible in nature. 


b. 


he process goes from initial 


n tu K “vers i ble pro 

a. It is an ideal process 
and takes infinite time. 

b. The driving force is 

infinitesimally greater 

than the opposing force. 

€. It is at equilibrium at all 
stages. 

d. Work obtained is 

maximum 


ontaneous 
process and takes finite time. 
b. The driving force is much 


greater than the opposing 
force. 


c. Equilibrium exists in the | 
initial and final stages only. 
d. Work obtained is not 

maximum. 


e. It is difficult to realise 
in practice. 


e. It can be performed in 
practice. 


6.2.5 INTERNAL ENERGY AS A STATE FUNCTION 


As pointed out earlier the chemical reactions are accompanied 
by the energy changes, we need to introduce a quantity which 
represents the total energy of the system. It may be chemical 
electrical, mechanical, or any other type of energy, the sum of all 
these is the energy of the system. In thermodynamics, we call it 
the internal energy, (U) of the system, which may change when 

a. heat passes into or out of the system. 

b. work is done on or by the system. 

c. matter enters or leave the system. 


Internal Energy (U) and Change in Internal Energy (AU) 
Every substance possesses a fixed quantity ot energy which 
depends upon its chemical nature and its state ot existence. bn 
is known as intrinsic energy or internal energy and is denote : 
By " a ote ^4 Ne s nita g OQ tema 
the symbol U. Every substance has a definite. value s M : 
energy and is made up of kinetic energy and potentia n. 
1 i a » , $ ` N P ay wt aS. 
of the constituent particles namely atoms, tons, ol i e $ 
ineti ‘oy is due , ion of all particles and the 
The kinetic energy is due to the motion of all g diis. 
yotential energy arises due to dilterent types of interactions 
| ‘ticles and is equal to the energies possessed 
between the partieles and ts e | y gen 
i ; sly atoms, tons, or molecules. The 
by all its constituents namely i . e MEE 
‘ous forms of energies which contribute towards the intern: 
i ri h L . | à . . 
ls we translational energy, rotational energy, vibrational 
»nergy i ` ‘ l a Mi 
j sd electronic energy, nuclear energy of constituent atoms, 
nerLY, D - „$ - tions, 
e » | energy of the molecules due to molecular interactions 
ential € 4 . "X Tow s 
por ical bond energy due to existence of bonds between ato ; 
, ‘a £ : — $e > " 
hen Jecules, etc. The sum of these different forms o 
Mies ir ith the molecules is called its internal energy. 
energies associated wit 


d 


| 
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Different substances have different values of internal energy: 
For example, the internal energy of | mole of CO, at NTP is 
different from the internal energy of 1 mole of SO, under similar 
conditions of temperature and pressure. It may be noted that 
the absolute value of internal energy of a substance cannot be 
calculated because it is not possible to determine the exact value 
for the constituent energies such as translational, vibrational, 
rotational energy, etc. However, we are interested mostly in change 
in internal energy which occurs during chemical reactions. The 
change in internal energy of a reaction may be considered as the 
difference between the internal energies of the two states. 

Let U, and Up are the internal energies in states A and B, 
respectively. Then the difference between the internal energies in 


the two states will be 

AU-Ug-U, 

The difference in internal energies (AU) has a fixed value 
and will be independent of the path taken between two states 
A and B. For the chemical reactions, the change in internal energy 
may be considered as the difference between the internal energies 
of the products and that of the reactants, i.e., 

AU= U Products i U teact 

Thus, the internal energy, U is a state function. This means that 
AU depends only on the initial and final states and is independent 
of the path. In other words, AU will be same even if the change is 
brought about differently. 

AU is positive if Up > Up, thus AU > 0. If Up < Up, AU «0 
or sign of AU is negative. 

Characteristics of internal energy 
a. Internal energy of a system is an extensive property 
b. Internal energy is a state function. 

c. The change in the internal energy does not depend on the 
path by which the final state is reached. 

d. There is no change in internal energy in a cyclic process. 
i.e., A cyclic =0 

e. Internal energy depends on temperature, pressure, volume 
and quantity of matter. 

f. The internal energy (or intrinsic energy) cannot be 
calculated. By convention, the internal energy of an element 
in most stable form, is zero. 

g. Internal energy change (AU) per mole is calculated by using 
the formula (from Bomb calorimeter) 

_CxATx Mw 
m 
C= heat capacity of the calorimeter system 
(including water) 
AT = rise in temperature 
Mw = molar mass of the substance and 
m = amount of the substance taken. 


6.2.6 HEAT (q) 


Heat is a form of energy. It flows from one system to another 
because of the difference in temperature. Heat flows from higher 


AU 


where 


temperature to lo i e 
between a system and its surroundings by heat transfe, oy 


exchange of heat occurs through the thermally conduct, 
which constitute boundary between system and surrounding E 


t| 
j 
ransfer continues till the system and the SUTTOUn¢| t 

Mp 


energy t 
attain the same temperature. If the system is at lower temper, 


than the surroundings, the energy is gained by the System ; te 
the surroundings causing a rise in the temperature of the A, 
The amount of heat gained or lost by the system is represen 
q. According to the international conventions, ) 


Heat absorbed by the system is positive, i.e., q > 0. 
Heat given out by the system is negative, i.e., q <0, 


6.2.7 WORK (w) 


Work is a mode of energy transfer to or from a system wi 
reference to the surroundings. If an object is displaced throug, 
a distance dx against a force of F, then the amount of work don, 


is defined as 
w=Fx dx 
There are many types of work and all of them could y. 
expressed as the product of two factors: 
a. An intensity factor 
b. A capacity factor 
Some of them are: 
a. Gravitational work = (mg) x h 
where m = mass of body, g = acceleration due to gravity. 
= height moved. 
b. Electrical work = Q x V 
where Q = charge, V = potential gradient. 
c. Mechanical work = P,,(V, — Vi) = P4 AV 
where P, = external pressure, AV = increase or decrease 2 
volume. 
Work associated with change in volume of a system agains 
external pressure is called mechanical work. 
P,, = intensity factor 
AV = capacity factor 
Work (w) is a path-dependent function, it is manifestation 
energy. Work done on a system increase the energy of the syst” 
and work done by the system decreases the energy of the syste 


el 


Work done on the system, w = +ve 
Work done by the system, w =—ve 
in ergs bu 


Units of work. In CGS unit, the work is expressed 
e betwee! 


in SI unit, work is expressed in Joules. The equivalence 
joules and other units of work is 
1 J= 107 ergs = 1 N m= 1 kg m?s? | 
The common forms of work that we come across in the s 
of the thermodynamics are: 


a. Pressure-volume work 


b. Electrical work K 
ig 
a. Pressure-volume (P-V) work: This type of por pic! 
stems 


called expansion work and it is significant in sy | 


M 


—— 


i " : one when the gas expands or contracts against the 
r in e (usually atmospheric pressure). To understand 
"b p aA a cylinder fitted with a frictionless and weightless 
4 it area of Cross- -section equal to 4. Let it contains gas 
^ murs nd let the pressure of gas inside in the cylinder is P. 

me " internal pressure ofthe gas is slightly more than the 
yhen sure. Pox .the gas expands and the piston moves a very 
oo dl. Then, change in volume is given by 


y Adi 

Force 
We know that Pressure = a 
at Force = Pressure X Area 


Therefore. force on the piston 


reP,, 4- 


rorce = Pressure x Position Area = P-A 


Fig. 6.4 Pressure-volume work 


Ifthe small work done by the movement of the piston is dw, 
Work = Force x Distance 
dw= D x Adl 
“gaive sign is used for work done by system as convention; 
“assed later). 
But A x d= dV is a small change in volume of the gas so that 
bv--P. -dy 


Wo - 
rk done in irreversible process 


Fig. 6.5 Irreversible work done 


volu 
à "i tas ul the system changes by a finite quantity from 
i 


f» then total work done w can be obtained by 


integrating — 
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PAV ( when P is constant) over 


the volume change 
from V, to V; Thus 


Vf 
[Pav 


V, 


--PA V- V) 
=P, AV (C: AV= V-V) 


Ifthe m pressure (P, is sli ghtly more than the pressure 
of the gas, the gas will control i.e., the work will be done by the 
surroundings on the system. In that case, V, will be less than V 


and AV is negative. 


w= 


< w=phV 
Thus, 


a. If the gas expands, V, 
and w is negative. 


b. If the gas contracts, V-< V, and work is done on the system 


> V, and work is done by the system 


and w is positive. 

Work done in isothermal reversible expansion or compression 
of an ideal gas 

In reference to the above example, we know that w — —P-AV. Let us 
now assume that the external pressure in not constant and changes 
in finite number of steps is going from volume J; to V,, then the 
net work done is given by summation of —P-AV terms over all the 
steps as shown is Fig. 6.6(a) and is represented as 


w--XPAV 


Fig.6.6(a) PV plot when pressure is not constant and changes in finite steps 
during compression from initial volume V, to final volume V, . Work 
done on the gas is represented by the shaded area 


Let us now assume further that the pressure is not constant but 
changes during the process such that it is always infinitesimally 
greater than the pressure of the gas, then, at each stage of 
compression, the volume decreases by an infinitesimal amount, 
dV, In such a case, we can calculate the work done on the gas by 
the relation 


| 
| 


e of the gas (Pin which we can wri 
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j i e of Now, the pressur | 
Here, Pi, nm pn nan P now) can be expressed in terms of its volume throug, ® 
compression [Fig. 6.6(b)]. In an expansion process under similar nov : elas deo ough M 
conditions, the external pressure is always less than the pressure equation. For ”⁄ i 
of the system i.e. Pex 7 (P. + dP). Such processes are called "m nt 
reversible processes. | 
Therefore, at constant temperature ( isothermal pro cess) 
I ; 
=- ART — = - nRT m- 
Wrev J V, 
V, 


V / P 

— _2.303nRT log —- OT —2.303RT log — 

7 P, 
Free expansion: Expansion of a gas in vacuum (p., =f), 
called free expansion. No work is done during free expansion, N 
work is done during free expansion of an ideal gass whether te 


7 d V. . B . d 
Vy poe Mi process 1S reversible or irreversible. 
rk: Work done during isotherm 


re is not constant and changes in infinite Wey is maximum wo 


Fig. 6.6(b) pV plot when pressu 
steps (reversible conditions) during compression from initial expansion of ideal gas is given by the equation Je 
volume V, to final volume V,. Work done on the gas 1S represented 
by the shaded area | w--P. AV 
We can relate work to internal pressure of the system under l Now, for a given change of volume (AV), w can be maximun 
reversible conditions by writing above equation as follows: if P. 1S maximum. But for expansion Per has to be smaller than? 
Vy Vy This means that for getting maximum work, the external pressi 
WT 7 Í P. av=- |t dP)dV has to be infinitesimally smaller than the internal pressure of the 
V, y; gas. These conditions are nearly close to reversibility. Thus. we 
Since dP " dV is very small we can write can write that for a given change of volume, 
f Wrev = W max 
wan [A.V 


Isothermal expansion and compression of an ideal gas and relationship between different thermodynamic quantities 


NES: QUSS SR MRE S C NN epar 


v P 


| Reversible w = —2.303 nRT log 2 w= 2.303 nRT log ied 0 
g, (~w) l vi 
AU, AH 0 0 
Free V. | 
g, Cw) P. (V, — V2) < 2.303nRT log y P (Fi yx 
AU, AH 0 0 Q 


x " V. 
Intermediate 0«P,.(V, - V) « 2:308nRT log 77 P (V, — V5) < 2.303nRT log m 


| gAn) 2 
AU, AH 0 0 " 
Maximum work is done in reversible isothermal expansion process. 
Note; ú ' 
1. Sign : i 5 energy is released ie, internal 
i ecreases, AU is negative, — ^. 

If work trist the system, W is positive. — 2. M dr anc E o 
If work is done by the system, W is negative. expansion A UST e 
If heat is absorbed by the system, q or A// is positive. : TEE ^e 


If heat is given out by the system, q or A// is negative, 3. Pressure-volu 
If energy is absorbed by the system i.e., internal energy oxpans W 
increases, AU is positive. 


MB 214 ee 


J 


s nh 


— 


y Foran isothermal reversible process — n 


AU 0, (it is because internal energy is function f 
temperature) ; 


— A7 1 ^ "ame V. 
q=- [Sie W - —-nRT ur —- - nRT In P. 


2 


| 


V, P 

o  q=nRT In — = nRT In —L 
h "m 

H=U+PV i 


AH = AU + APV 
AH = AU + AnRT 


For an isothermal expansion, AT — 0 (R and n are constants) 


AH =AU=0 
$, Foran isothermal isobaric expansion. At constant T and P 
q--W 
AU = 0, AH - 0 
& For an isochoric process 
AV -0 fe q = AU 
-_ For an adiabatic process 
g=0 a AU=W 
&. For a cyclic process 
AU=0 m --W 


4 


. For an adiabatic reversible expansion of gas 
a. TV!-! = constant 
b. TPU -Y'Y = constant 
c. PVY = constant 
. Both g and W are not state functions since their values 
depend upon the path by which the change is carried, 


but, the quantity q + W is a state function. This is because 
g+ W= AV and AU is a state function. 


QUESTIONS BASED ON WORK (W) HEAT (q) AND 
INTERNAL ENERGY (U) 


L A process in which pressure remains constant is called 


a. Isochoric process b. Isothermal process 
€. Adiabatic process d. Isobaric process 
IL Which one of the following is a state property/function? 
a. Heat b. Work 
C. Internal energy d. Potential energy 
Ill. Which of the following is an extensive property? 
a. Enthalpy b. Concentration 
c. Density d. Viscosity 


IV. If temperature of the system remains constant during the 
course of change, the change 1s 
a. Isothermal b. Adiabatic 
€. Isobaric d. Isochoric 


Ld. Isobaric process (AP = 0). 
II. c, Internal energy is state function. 


Ill. a. 
IV. a. 
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Enthalpy depends upon the quantity of substance. 


In isothermal process, temperature remains constant 
(AT = 0). 


I. A process in which volume remains constant is called 


a. Isochoric process 
c. Adiabatic process 


b. Isothermal process 
d. Isobaric process 


Il. Identify intensive property from the following 
a. Volume b. Mass 
c. Enthalpy 


II. 


d. Temperature 


Which of the following is an extensive property of the 


System? 
a. Refractive index b. Viscosity 
c. Temperature d. Volume 


IV. 


sl 
= 
o RRPT 


An isolated system is that system in which 
a. 


b. 


There is not exchange of energy with the surroundings. 


There is exchange of mass and energy with the 
surroundings. 


. There is no exchange of energy and mass with the 


surroundings. 


. There is exchange of mass with the surroundings. 


Isochoric process (AV = 0). 
Temperature is independent of the mass of substance. 
Volume depends upon mass of substance. 


In isolated systems neither heat nor matter can be 
exchanged. 


I. Thermodynamics is concerned with 


a. 
b. 
c. 
d. 


Total energy of a system 
Energy changes in a system 
Rate of a chemical change 


Mass changes in nuclear reactions 


II. Internal energy of a system of molecules is determined by 
taking into consideration its 


Kinetic energy 


b. Vibrational energy 


c. 
d. 


Rotational energy 
All kinds of energies present in the molecules 


III. A thermodynamic quantity is that 


a. 


Which is used in thermochemistry, 


b. Which obeys all laws of thermodynamics. 


c. 


Quantity whose value depends only upon the state of the 
system. 


d. Quantity which is used in measuring thermal change. 


IV. Thermodynamic equilibrium involves 


Chemical equilibrium b. Thermal equilibrium 


c. Mechanical equilibrium d. All the the three 
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V. For an adiabatic process, which of the following relations 
is correct? 


a. AU=0 


I. b. Energy changes in a system. 


b.PAV-0 c.q=0 d.g=+w 


II. d. All kinds of energies present in the molecules. 
III. c. 

IV. d. 

V. c. g=0 (Adiabatic process) 


Express the change in internal energy of a system when 
i. No heat is absorbed by the system from the surroundings, 
but work (w) is done on the system. What type of wall does 
the system have? 

ii. No work is done on the system, but q amount of heat is 
taken out from the system and given to the surroundings. 
What type of wall does the system have. 

iii. w amount of work is done by the system and q amount of 


heat is supplied to the system. What type of systemi would 
it be? 


i. AU = Wa wall is adiabatic 
ii. AU = —q, thermally conducing walls 
iii. AU = g — w, closed system. 


Two litres of an ideal gas at a pressure of 10 atm expands 
isothermally into a vacuum until its total volume is 10 litres. 
How much heat is absorbed and how much work is done in the 
expansion? 


BS We have q = -w = p „(10 - 2) = 0(8)=0 
No work is done; no heat is absorbed. 


Consider the same expansion but this time against a constant 
external pressure of 1 atm. 


‘Sol. We have q = —w = p,,(8) = 8 litre-atm 


Consider the same expansion, to a final volume of 10 litres 
conducted reversibly. 


BID (PV = nRT - 1 atm x 10 L= 10 atm L) 


q = —w = 2.303 nRT log 2 
| 
_ 10 
= 2.303 x 10 atm Llog — 
2 

= 16.1 atm L. 


Two litres of N, at 0°C and 5 atm pressure jg ey 
isothermally aguihst a constant external pressure of | atm CT 
the pressure of gas reaches 1 L. "nti 


Assuming gas to be ideal, calculate the work of expansion 


IBOD Since, the external pressure is greatly different fr, 
nnd of N, and thus, process is irreversible, t 


W- -P, (V, - Vj) 
W=-1x(V,- V) 


Given, V,=2L V7?  T-27K 
P, —5 atn P,= | atm 
n PV, S Py, 
y,- IOL 
`. W=-] x (10 - 2) = -8 L-atm 
8 x 1.987 8 x 1.987 x 4.184 
~~ 00824 . 0081 
- 810.10 J 


Calculate the work done when 1.0 mol of water at 373 K vaporis; 
against an atmospheric pressure of 1.0 atm. Assume ideal gas 
behaviour. 


) The volume occupied by water is very small and thus t: 
volume change is equal to the volume occupied by | gmi 
of water vapour. 


y, hRT 10x00821x373 _ 5 gy 
P 1.0 
W-—P,., x AV =-(1.0) x (3.10) L-atm 


= (3.10) x 101.3 J = -3140.3 J 


Identify different steps in the following cyclic process 


Temperature at 4, 3, 
and F is T, and at C. 
D, and E is T». 

T > T» 


a. 4 — B: Temperature and pressure are constant. 
Therefore, it is an isothermal and isobaric proce ; 

b. B — C: It is adiabatic expansion in which tempe? 
falls from 7| to T». 

c CD: NAE m and volume are constant. — 
Therefore, this process is isothermal and isoch? 

d. D E: Temperature and pressure are constant: 


mu 
on 
Therefore, it is an isothermal and isobaric © 


N 
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» ped It is adiabatic compression in whic 
increases from 7, to T). 


F >œ A: Temperature and volume are constant 
Therefore, it is an isothermal and isochoric process 


ie pands by 0.5 L against a constant pressure of 1 atm 


AS Othe work done in joul ! 
oycilat the work done 1n joule and calorie. 


a Work = -Px * Volume change 
=-] x 0.5 = —0.5 L atm 
= —0.5 x 101.328 J = -50.664 J 

0.5 L atm = -0.5 x 24.20 cal = —12.10 cal 


h temperature 


one mole of an ideal gas is put through a series of changes as 
shown in the graph in which A, B, and C mark the three stages of 
ihe system. At each stage the variables are shown in the graph. 


a. Calculate the pressure at three stages of system. 
b. Name the processes during the following changes: 
i. A to B ii. B to C 
iii. C to A iv. Overall change 


24.0 (L) 


| 12.0 (L) 


a. Atstage A: 
V-24.0L;T-300K;n-l; 
R = 0.0821 L atm K^! mol! 
Substituting these values in the ideal gas equation, 
PV —- nRT 

. 1x 0.0821 x 300 
E 24.0 

At stage B: Volume remains the same but temperature 
changes from 300 K to 600 K. Thus, according to 
gaseous law, the pressure will be doubled at B with 
respect to A. 
Pressure at B = 2 x 1.026 = 2.052 atm 
At stage C: Temperature is 300 K and volume is half that 
of stage A. Thus, according to Boyle’s law, the pressure 
at C will be doubled with respected to A. 
Pressure at C = 2 x 1.026 = 2.052 atm 

b. i. During the change from A to B, volume remains 

constant, the process is isochoric. 
ii. During the change from B to C, pressure remains 
constant, the process is isobaric. 


= 1.026 atm 


I. 


II. 


III. 


iii. During the change from C to A, temperature remains 
constant, the process is isothermal. 
iv. Overall, the process is cyclic as it returns to initial 


state. 


A thermodynamic system consists of a cylinder—piston 
arrangement with ideal gas in it. It goes from the state i to 
the state fas shown in the figure. The work done by the gas 
during the process is 


o 
E 
© 
à 
Temperature —> 
a. Zero b. Negative 
c. Positive d. Nothing can be predicted 


A cyclic process ABCA is shown in a V-T diagram. The 
corresponding P-V diagram is 


, NE raso 
4 pst: p. m 


y —> y —2» 
| ES X 
2? rat uP E 
B A A B 
y— ye—— 


Which one of the following statements about state functions 

is correct? 

a. Internal energy enthalpy, heat, and work are all 
thermodynamic state functions. 

b. A state function depends both on the past history of a 
system and on its present condition. 

c. The state function describing a system of equilibrium 
change with time. 

d. The difference in a state function for any process depends 
only on the initial and final states. 


I. a. Pœ T,so volume is constant. So this is isochoric process 


in which work is always zero. 


oL oo Mff 


| | 
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a | 
II. a. As P «7 (Boyle’s law) j } | 
| III. d. State function does not depend upon the path of the GP es d. P 
| process. 
[RUS TRATION 6.14. ps 


y — 


I. Consider the modes of transformations of a gas from state Sok 


| A to state B as shown in the given P-V diagram. Which one I. c. Work (w) is a state function. It depends UPON the ji 
| of the following is true? and final state of system. i 
A Il. a, b, c, d 
t III. d. In AB process, volume does not change hence it 
isochoric process. i 
" IV. d. In (d) process is not cyclic. 
E posce j d Vat tant t 
i een P and V at cons 

a. AT = g along A -E rie T etween nt temperature shonli 


b. AS is same along both A > B and 4 > C > B 


C. w is same along both 4 + B and 4 > C— B 
d. w > 0 along both 4 > Band 4 C t | 
II. Which of the following statements is/are correct? b wp 
y—» P 


2 

- 

A 

2 

f | í 

c, P d. P 
Volume —> 

a. A represents isochoric process 
b. B represents adiabatic process ARR r=? 
c. C represents isothermal process ll 


. Inthe cyclic process shown on P-V diagram, the magnitud 


d. D represents isobaric process of the work done is 


III. In P-V diagram shown below, 


A 
H c 
F 
D 
E 
O 
y — 


a. AB represents adiabatic process. 
b. AB represents isothermal process. 
c. AB represents isobaric process. 


n ; 
d. AB represents isochoric process. e (P, - R)(V, - V) d. n (PV, =P) 
IV. The following are the P-V diagrams for cyclic processes | l l l 

for a gas. In which of these processes, heat is not absorbed III. A cyclic process is shown in the P-T diagram. 
| by the gas? 
f | 

a. P b. P 

y—» p—- 
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gram? 


4. During a process, the internal energy of the system 
increases by 240 kJ while the system performed 90 kJ of 
work on its surroundings. How much heat was transferred 


fthe curves shows the same a on a V-T di 
-T dia 
between the system and the surroundings during this 
process. In which direction did the heat flow? 


ok 
- Three moles of an ideal gas are expanded isothermally and 


reversibly at 27°C to twice its original volume. Calculate 
q, w, and AU. 
6. State whether each of the following. will increase or 
decrease the total energy content of the system: 
a. Heat transferred to the surroundings 


b. Work done on the system. 
€. Work done by the system. 
T. Two moles of an ideal gas at 2 atm and 27°C is compressed 
isothermally to one-half of its volume by an external 
Le. P«— (Boyle's law) pressure of 4 atm. Calculate q, w, and AU. 
V Objective Type 
J. (a, b) Work done = Area under the curve 8. Adiabatic expansion of an ideal gas is accompanied by 
(1) Increase in temperature 
nes 2 (2) Decrease in AS 
(3) Decrease in AU 
| m( P; -P y P, -P (4) No change in any one of the above properties 
T 2 6 i 9. For a cyclic process, which of the following is true? 
~. (a) and (b) (1) AS=0 (2) AU=0 (3) AH=0 (4) AG=0 
10. One mole of a gas is heated at constant pressure to raise | 
Ille. as Po l (Boyle's law). its temperature by 1?C. The work done in joules is 
V (1) 4.3 (2) -8.314 
(3) -16.62 (4) Unpredictable 
EI Dee TIC 11. Asampleof2 kg of helium (assumed ideal) is taken through © 
Calculate the work done in open vessel at 300 K, when 92 g Na the process ABC and another sample of 2 kg of the same 
MUT EDU SE gasistakenthroughthe process ADC. Then the temperature 
a pde E of the states A and B are (given R = 8.3 J mol! K`) 


Area of sphere = nr? = x Hany (r 


BB 2Na + 2H,O —> 2NaOH +H, 


Mol HN ed 
oles of Na= 7; 


1 |. 422 
Mole of H, formed = 2^ Mole of Na used = 7 x = 


10 (m3 
Work is done in giving out 2 mol H,. Thus, 20 V (n?) 


(1) T, = 220.5 K, T, = 2205 K 
W=-P x Vy, c-myRT =-2 x 8.314 x 300 Q) T - MI K, T, 241 K 


et (3) T, = 120.5 K, T, = 241K 
The H, liberated pushes the atmospheric gas back and thus, (4) T, = 240 K, T = 480 K 
ia work vins peius in Nap 12. An ideal diatomic gas is caused to pass through a cycle 
case of closed vessel, AV = 0. Therefore, diu shown on the P-V diagram in figure, w here V, = 3.007). 
If P,, Vi and T, specify the state 1, then the Henn 


state 3 is 
C ION EXERCISE 6.1 of the state - | ; 
ONCEPT APPLICAT (1) T9) (2) (T/3* (3) (T34 (4 (7/3) 


Subjective T ype 

l. Calculate AU, internal energy change of a system, if it 
absorbs 25 kJ of heat and does 5 kJ of work. 

2. In a certain process, 400 J of work is done on a Hi 
Which gives off 200 J of heat. What is AU for the process: 

3. During a process, a system absorbs 710 J of heat and does 
work. The change in AU for the process 15 460 J. What 1s 
the work done by the system? 


Isotherm al 


Pressure —> 


Isochoric 


dy; 
c 


Volume —? 
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13. A heat engine carries one mole of an ideal mono-atomic gas 
around the cycle as shown in the figure below. Process 1 > 
2 takes place at constant volume, process 2 — 3 is adiabatic 
and process 3 — 1 takes place at constant pressure. 
Then the amount of heat added in the process 1 — 2 is 


Pressure — 


Volume — 
(2)-3740J (3)2810J (4) 3228 J 
14. One mole of an ideal mono-atomic gas is caused to go 
through the cycle shown in the figure below. Then the 


change in the internal energy in expanding the gas from a 
to c along the path abc is: 


(1) 3740 J 


Pressure —> 
5 
(= 


Y 
© 


Ve 4h 
" Sousse —> j 
(1) 13P)V, (2) 16RT, (3) SRT; (4) 10.5RT, 
ANSWERS d 
Subjective Type | 
1. 10 kJ 2. 200 J 3. 250 J 4. 330 kJ 
5.5187] 6.a. Decrease b. Increases c. Decreases 
7. AU- 0 q = —4984 J w = 4984 J 
Objective Type 
8. (3) 9, (2, 3) 10. (2) 11. (3) 
12. (3) 13. (1) 14. (4) 


6.3 ZEROTH LAW OF 
THERMODYNAMICS 


Zeroth law of thermodynamics, also known as the law of thermal 
equilibrium, was put forward much after the establishment of the 
first and second laws of thermodynamics. It is placed before the 
first and second laws as it provides a logical basis for the concept 
of temperature of a system. 

The law states as follows: 


If two bodies (say A and B) are in thermal equilibrium with 
another body C, then the bodies A and B will also be in thermal 
equilibrium with each other. 


Recording of temperature of a system by a thermometer is also 
based on this law. When a thermometer is placed in the system, 
it comes to thermal equilibrium with the latter and thus records 
a constant value. 


‘perfect’, thermal insulator 


(a) 


Fig 6.7 Zeroth law of thermodynamics. If A and B are in thermal equilibri 
with (C) (a), they are thermal equilibrium with each other (b) i 


The zeroth law can be summarised in followings ways: 


* Two objects at different temperature in thermal contact with 
each other tend to move towards the same temperature. 


* Two objects in thermal equilibrium with the third one are 
in thermal equilibrium with each other (see F ig. 6.7). 


6.4 FIRST LAW OF THERMODYNAMICS 


It is our common experience that energy cannot be generated with 
consuming energy of some other kind. If a certain amount of one 
kind of energy is produced, an equal amount of some other kind 
of energy is consumed so that the total energy in the universe 
remains constant. This observation forms the basis of the first law 
of thermodynamics which is also known as the law of conservation 
of energy. It was put forward by Robert Mayer and Holmholt. 
The law states that: 


Energy can neither be created nor destroyed although it may 
be changed from one form to another. 

From this statement, it follows that total energy of the 
universe, i.e., energy of system and surroundings taken together 
is always constant during any physical and chemical process. 


6.4.1 JUSTIFICATION FOR THE FIRST LAW OF 
THERMODYNAMICS 


The first law of thermodynamics has no theoretical proof. It i5 
law based on human experience and has not yet been violated. Th 
following observations justify the validity of this law: . 
a. It is not possible to construct a perpetual machine which 
can do work without the expenditure of energy. If the i" 
were not true, it would have been possible to construct such 
a machine. 


b. James Joule (1850) conducted a large number of experiment 
regarding the conversion of work into heat energy: 
concluded that for every 4.183 J of work done on the system, 
one calorie of heat is produced. He also pointed out that the 
same amount of work done always produces same amou" 
of heat irrespective of how the work is done. 

c. Energy is conserved in chemical reactions also. For exampl? 
the electrical energy, equivalent to 286.4 kJ mol of energy 4 
consumed when one mole of water decomposes into gase? t 
hydrogen and oxygen. On the other hand, the same amo 


— i 


orgy in the form of heat is liberated when one mole of 
t water 1S produced from gases hydrogen and oxygen 
Ji ] | 
4,00) + 286.4 kJ —9 H,(g) + 3 O.(g) 


l 
TOA — H O(I) + 286.4 kJ 


" examples justify that energy is always conserved, 
pit may change its form. 
m 


ATHEMATICAL EXPRESSION OF THE FIRST 
gh LAW OF THERMODYNAMICS 


. o to the first law of thermodynamics, the energy can 
ue pe created nor destroyed. The internal energy of the system 
[i , changed into two ways: 

T BY allowing heat to flow into the system or out of the system. 
b. by work done on the system or work done by the system. 

Let us consider a system whose internal energy is U,. Now, if 
pesystem is supplied g amount of heat, then the internal energy 
i pe system increases and becomes U, + q. Now, if work (w) 
done on the system, then its internal energy further increases 
»i becomes U, Then, energy U, is the energy in the final state. 
will be given as: 

U,=U,+qtw 

or U, E U, =q "UM 

o AU-q*Ww 

ie, Change in internal energy = Heat added to the 

system + Work done on the system 

The relationship between internal energy, work, and heat is a 

mathematical statement of the first law of thermodynamics. 


64.3 CONCLUSIONS FROM THE FIRST LAW OF 
THERMODYNAMICS 
AU=q+w 
a. When a system undergoes a change, AU = 0, i.e., there is 
no increase or decrease in the internal energy of the system, 
the first law of thermodynamics reduces to 
0=q+w 
or = —W 
(heat absorbed from surrounding = work done by the system) 
r w=-q 
(heat given to surroundings = work done on the system) 
. If no work is done, w = 0 and the first law reduces to 
AU =q 
i.e., increase in internal of the system is equal to the heat 
absorbed by the system or decrease in internal energy of the 
system is equal to the heat lost by the system. 
If there is no exchange of heat between the system and 


surroundings (adiabatic change) q = 0, the first law reduces 
to 


cd Wadi 


It shows if work is done on the system, its internal energy 
Will increase or if work is done by the system its internal 


c 


£e 
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energy will decrease. This occurs in an adiabatic process. 
d. In case of gaseous system, if a gas expands against the 
constant external pressure, P, let the volume change be 
AV. The mechanical work done by the gas is equal to 
-P x AV. 
Substituting this value in AU = q + w, 
AU-q-PAV 
When AV = 0, 
AU=q or Gy 
The symbol q, indicates the heat change at constant volume. 
Thus, the change in internal energy is equal to heat absorbed 
or evolved at constant temperature and constant volume. 
AU is a state function but q and w are path functions 


AU =q + w is a state function 


Consider a system with internal energy U; in the initial state A. The 
conditions of temperature and pressure changed following path I 
so that the system acquires the final state B with internal energy 
U.. Now if the system is returned to state A following path II, then 
the energy involved in path I and path II is equal in magnitude. 
If energy change in path I and path II not equal, assuming energy 
change in path I > energy change in path II, then by carrying out 
the process from A B by path I and from B > A by path II, some 
energy could be created inspite of the fact that original state A has 
been restored. This is contrary to the first law of thermodynamics. 
Hence, the energy change in going from A > B by path I or by 
path II must be same. Jn other words, AU is independent of path 
and is thus a state function (Fig. 6.8): 


A I 
| 
3 B 
© 
i II 
Volume ——> 


Fig. 6.8 P-V work showing AU is a state function 


q and w are path functions 

Let us consider the system to be changed from initial state A to 
final state B by three different paths as shown is Fig. (6.9a-c) 
given below: 


v— 
—» 
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Fig. 6.9 


The work done (w) during the process is given by the shaded 
area in all the P-V diagrams. It is represented by the shaded 
portion of the diagram. It is clear from the diagram that the shaded 
areas are different. In other words, magnitude of w is different in 
different paths. Heat (g) is given by the expression AU — w. AU 
being state function is same in different paths, but w is different. 
Consequently, (AU — w), i.e., q, will also be different. In other 
words, both q and w are path dependent but AU (q * w) is path 
independent, i.e.. state function. 


Note: 1. Both work and heat appear only during a change of 
state. 
2.g is ^ve when system absorbs heat and -ve when system 
evolves heat. 

.W is +ve when work is done on the system and -ve 
when svstem performs a work. 

4. Work, energy and heat have same units whereas energy 
is a thermodynamic property of the system, work and 
heat are not. 

.It should be noted that the work done during the 
isothermal reversible process is greater than adiabatic 
process. 

6.1 cal > 1 joule > 1 erg. 

7. Both work and heat appear only at the boundary of the 

system. 

&. Theoretically, work can be fully converted into heat, 

but heat cannot be fully converted into work. 


ts) 


Un 


QUESTIONS BASED ON FIRST LAW OF 
THERMODYNAMICS 


A system is provided 50 J of heat and work done on the system 
is 20 J. What is the change in the interna] energy? 


EET 


w — *20 J (work done on the system) 
^ AU-q*w-50-*20-70) 


The work done by a system is 10 J, when 40 J heat is supplied to 
it. Calculate the increase in the internal energy of system. 


ENS w--105 34-40) 


From the first law, AU = q + w= 40 —10- 30J 


A gas occupies 2 L at STP. It is provided 300 J heat SO thay 
volume becomes 2.5 L at 1 atm. Calculate the change jy titg 
internal energy. Vit 


BUD Work done =—P x AV= | x (2.5 - 2.0) 
= —0.5 L atm 
Therefore, work is carried out at constant P and hy 
irreversible. 


987 x 4.184 
_ 05 x1387x 5.195 5 0,5 x 101328] 


0.0821 
= —50.631 J 
From the first law of thermodynamics, 
qg=AU-w 
300 = AU + 50.63 ~. AU = 249.37 J 


A certain electric motor produced 16 kJ of energy each second 
as mechanical work and lost 3 kJ as heat to the surrounding; 
What is the change in the internal energy of the motor and its 
power supply each second? 


"MU. ! Energy is lost form the system as work, thus Wis negative 
w — -16kJ 
Energy is lost as heat, so q = —3 kJ 
Therefore, by the first law of thermodynamics, 
AU=q+w=-3-16=-19kJ 


An insulated container is divided into two equal portions. On 
portion contains an ideal gas at pressure P and temperature T. Tit 
other portion is a perfect vacuum. If a hole is opened betwee 
the two portions, calculate 


a. the change in internal energy. 
b. the change in temperature. 


SGM) The system being thermally insulated, q = 0. The $ 
expands through the hole in other portion to show 59 
expansion, i.e., 


m -fP av =0 (Since P*" 
Also from the first law of thermodynamics, 
qg=AU+w 

U^ 
Since, q = 0, w= 0 (A 


Also internal energy U — 32 RT. Since, the internal ent? 
remains same (*« AU = 0), thus the temperature wi 
remain constant. 


alse 


2,8 g of N, gas at 300 K and 20 atm was allowed to * » 
isothermally against a constant external pressure ° 
Calculate AU, q, and W for the gas. 


‘ally for N,; using gas equation PV = nRT 


[nit! 


2.8 
_ £ x 0.0821 x 300 y. as 
jx ^ 28 => V,=0.123 L 
rinally fe Ny 
2.8 < 0.0821 x 300 — y. = 
a » = 2.463 L 
W = _px AV [^ work is done against constant P 


2] x (2.463 - 0.123) 
— 2.440 L atm 


therefore, irreversible] 


7 0.0821 0.0821 
p =-236.95 J 
Now q = AU - W 


g= 0+ 236.95 = 236.95 J 


(~ AU= 0 for isothermal process) 


4t27°C, one mole of an ideal gas is compressed isothermally 
ad reversibly from a pressure of 20 atm to 100 atm. Calculate 
iUand g. (R=2 cal K~ mol) 


P 
GID r= 23037RT log A 
P, 


p= 2.303 x 1 x 2 x 300 log X — — 965.84 cal 


For isothermal change, AU — 0 
Also q = AU — W = 0 + 965.84 cal 
^. q 7 *965.84 cal 


One mole of an ideal gas is heated at constant pressure from 
FC to 100°C. 

a. Calculate the work done. 

b. If the gas were expanded isothermally and reversibly at 
0°C from 1 atm to some other pressure P,, what must be 
the final pressure if the maximum work is equal to the 
Work in (a)? 


a. Work involved in heating of gas 
W,=-P-AV — -F(V, — Vi) 


RT, RT, 
RT —-P (ah _ nih) = -nR (T, a T) 


=~] x 8.314 (373 — 273) = -831.4 J 
b. Now the work equivalent to 831.4 cal is used up in 
causing reversible isothermal expansion of gas at 0°C, 
then 


B 
W,- —2.303nRT log, -+ 
P, 


P 
-831.4 = -2.303 x 1 x 8.314 x 273 log), r3 
2 

^. P= 0.694 atm 
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An ideal mono-atomic gas follows the path ABDC. The work 
done during the complete cycle is 


d. Zero 


b. 2PV 


a. -PV c. LM 
2 


“Sol. a. Net work done during the complete cycle is equal to area 
under the cycle (—ve if the cycle is clockwise, i.e., work 
done by the gas and +ve when cycle is anticlockwise, 


i.e, work done on the gas) 
w-2-PxV-2-QP-P)x(2V-V)--PV 


The net work done through a series of changes reported in figure 
for an ideal gas is 


a.—6 x 1091 b.—7 x 10° J 
c. -12 x 10° J d.+12 x 10 J 
BaN vb. Area of trapezium 


l 
= 3 x h x sum of parallel sides 


l 5 
MARRU CE 


atxio 
Net work done = —7 x 10° J 


I. Heat energy absorbed by a system in going through a cyclic 
process shown in figure is 


V Gin L) 


c. 102n J 


a. 107r J b. 10^r J d. 1021 J 
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II. A given mass of gas expands from state 4 to state B by three 
paths 1, 2, and 3 as shown in the figure below. If wj, W3 and 
Wa respectively, be the work done by the gas along three 
paths, then 


^| a 


P 


B 
y— 
8. Ww, > Wa > W3 b. w, < W, < W3 
C. wi =W, = Wy d. w, < W3 W] <w, 
I. c. Work done = Area of sphere 
= nr =TX 10 > .-1 90-19-10) 


Il. b. Work is equal to area under P — V graph (when P is 
plotted along y-axis). As area under graph 3 is maximum 
and area under graph 1 is minimum, so W, is maximum 
and W, is minimum 

W,<W,<W; 


I. Can we measure the absolute value of internal energy? 


— 


II. One mole of SO, at 298 K and 1 atm pressure is he; 
closed vessel so that its temperature is 475 K and e Inq 
is 4 atm. It is then cooled so that temperature becor M 
K and pressure is | atm. What is the change in the in n 
energy of the gas? ema 
IH. Neither q nor w is a state function but q + w jg ds 
function. Explain why? lat 
IV. Which of the following are state functions? 


aq b. Heat capacity 


d. AHO 


c. Specific heat capacity 


e. W 

V. Under what conditions is the heat of reaction equal y 
enthalpy change? 
a. AH = d, b. AH = dy 
c. AH > dp d. AH < d; 


| I. No, because the internal energy is the sum of different type; 
of energies, some of which cannot be determined. 
II. Nochange in the internal energy because it is a state function, 
III. q + wis equal to AU which is a state function. 
IV. d. 
V. a. The heat of reaction is equal to enthalpy change at constant 
pressure, i.e., AH = q, 


ps 


A gas expands from 3 dm? to 5 dm? against a constant pressu 
of 3 atm. The work done during the expansion is used to heat 10 
mol of water at temperature 290 K. Find the final temperature of 
water, if the specific heat of water — 4.18 J g! Kt 


"Gol! ) Work done = —P AV 

=—(3 x 2) L-atm 
=—6 x 1013 J 
= —607.8 J 

Heat lost = Heat gained by H,O (ms Ar) 

607.8 J = 180 x 4.18 x AT 

_ 6078 
10x 18x 4.18 
=> T; = 290 + 0.808 = 290.808 K 


Classify the following as open, closed, or isolated syste 
a. A beaker containing as open, boiling water. " 
b. Achemical reaction taking place in an enclose? ^" 
c. A cup of tea placed on a table. 
d. Hot water placed in perfectly insulated € 
e. A thermos flask containing hot coffee. 
HSH) Types of system: 
a. Open system b. Closed system 
c. Open system d. Isolated syste™ 


e. Isolated system nid 


= 0.808 K 


aine 
losed conti 


5 
6 anii that the heat absorbed at constant v 
: change in the internal energy, i.e., AU = qy. But most of the 

mical reactions are carried out not at constant volume but in 
ch i flasks Or test tubes under constant atmospheric pressure 
0 'efore such reactions may involve change in volume. The energy 
„hange occurring involve change in volume. The energy change 

curring during such reactions may not be equal to the internal 

ergy change but also include energy change due to expansion 
d contraction against the atmospheric pressure. In order to study 
ihe heat changes of chemical reactions at constant temperature and 
ressure, à NeW function enthalpy is introduced, Enthalpy may be 
defined as the sum of the internal energy and the pressure—volume 
energy of the system. 


Mathematically, it may be put as H = U+ py 


Olume is equal to 


6.5.1 IMPORTANT FEATURES OF ENTHALPY 


- tis a state function and is an extensive property. 
+ It is also called heat content of the system. 


* [ts value depends upon amount of the substance, chemical 
nature of the substance, and conditions of temperature and 
pressure. 

It is not possible to determine the absolute value of enthalpy 
ofa system because the absolute value of internal energy (U) is not 
known. However, change in enthalpy (AH) taking place during the 
process can be experimentally determined. Change in enthalpy is 
equal to the difference between the enthalpies of products (ZH;) 
and reactants (LH). 

' Thus, change in enthalpy can be expressed as: 
AH = XH,- XH, 


6.5.2 ENTHALPY CHANGE (AH) 


Let us consider a chemical reaction, 4 ——» B, under a given set 
of conditions, the change in enthalpy may be expressed as 
AH-H,-H, 
where H is the enthalpy in state A and H} is the enthalpy in state 
Band AH is the enthalpy change. It may be noted that like internal 
“ergy. enthalpy is also a function of the state of the system and, 
therefore, AH is independent of the manner in which the final 
Sate achieved, 
Change in enthlapy. (AH) may be expressed as 
AH = AU + A(PV) 
AH - AU + PAV+ V AP 
If the process is carried out at constant pressure i.e., 
Ap =() then 
j = AH= AU + Pay 
Now, AU=9 + w (i) 
/ If work done during the change is only expansion work, 
w=- P AV so that 
AU- q— p Ay 
| Substituting in equation (i), the value of AU, we get 
AH=q~PAV+PAV=q 


AH = dp (at constant pressure) 


—TENTHALPY (H) OE erent 6:28 
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where qp indicates that heat change has taken place at constant 
pressure. Thus, 


The enthalpy change is a measure of heat change 
(evolved or absorbed) taking place during a process at 
constant pressure. It is a state function and an extensive 
property as its value depends on the quantity of the system. 


Thus, we can sum up: 


If q is the amount of heat absorbed by the system. 
q (at constant volume) = AU 


q (at constant pressure) = AH 


Relationship Between AH and AU 
As already studied, AH and AU are related as 
AH =AU+ PAV X) 


The difference between AH and AU is not usually significant 
for solids and liquids. However, when the systems involve gases, 
the difference becomes significant. Consider a chemical reaction 
taking place at a constant temperature (7) and pressure (p). Let 
V, is the total volume of the gaseous reactants and V_ is the total 
volume of the gaseous products, n, is the number of moles of 
gaseous reactants, and n j is the number of moles of gaseous 
products. According to the ideal gas equation: 


PV=nRT 

For reactants, PV, = n RT (at constant T and P) ...(i1) 
For products, PV A n RT (at constant T and P) ...(i1) 
Subtracting equation (2) from equation (3), we get 

PW, =y yS nRT- n RT= (n, =n) RT 

or PAV = An RT ...(1V) 


where An n is the change in the number of gaseous moles of product 
and gaseous moles of reactants. 

Thus, equation (i) becomes 

AH = AU + An oh T 


Energy Change in the 
Energy change 1 

change at |= +| number of x RT 
at constant V 

constant P 


gaseous moles | 

This relation is very useful for converting AH into AU or AU 
into AH, 

Thus, AH = AU + p AV 

AH = AU + An LE 


It is important to note that AH will be equal to AU under the 
following conditions: 


a. Reactions that do not involve any gaseous components. For 
example, reaction between aqueous solution of hydrochloric 
acid and sodium hydroxide. 

HCl(aq) + NaOH(aq) —— NaCl(aq) + H,O() 

b. Reactions carried out in elosed vessels of fixed volume L.e., 
AV = 0. 

c. Reactions that involve gaseous reactants and products but 


there is no change in the number of moles of the gaseous 
components. 
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For example, 
H,(g) + Cl,(g) —> 2HCI(g) 
C(s) + O,(g) —> CO,(g) 
In all such reactions, the volume change is zero, i.e., 
An, =(). 
AES AOS An RTE AT AG x RT= AU 
Howesfit in gaseous reactions having An, not equal to zero, 
AH and AU will be different. For example: 
a. Reactions in which there is an increase in the number 
of moles of the gaseous components. In such cases, 
An, is positive and consequently, the enthalpy change 
(AA) is greater than the internal energy change (AU), i.e., 
AH > AU. Some examples of such reactions are given below: 


lo ! -( 4L. 1 
C(s) + > O5(g) —> CO(g); | An, = ] z =+ 


PCI;(g) —+PCl,(g) + CL(g) [An, =(2-1)=+1] 

b. Reactions in which there is a decrease in the number of 
moles of the gaseous components. In such cases, An, is 
negative and consequently, the enthalpy change (AH) is less 


than the internal energy change (AU) i.e., AH « AU. Some 
examples of such reactions are given below: 


1 
CO(g) + 7 O;(g) —> CO,(g); 


[an =(1-14) 2] 


N,(g) "T 3H,(g) MESS. 2NH,(g); 
[An = (2-4) 2] 


Thus, for gaseous reactions, the ditfereiice between 
AH and AU depends upon the value of An,. For example, 


An, = 0; AH =AU 
An, — —ve; AH « AU 
An, = Ttve; AH > AU 


Note: 1. The change in enthalpy, AH = AU + PAV. Also 
AH — AU * Ang RT 
a. When Ang = 0; then AH = AU 
b. If Ang > 0, then AH > AU and similarly if 
Ang < 0 then AH « AU 

2. Enthalpy also changes when a substance undergoes 
phase transition. 

3. For reactions involving solids and liquids only, 

AH = AU. 

4. For a reaction involving solid, liquid and gases, the 
value Az is evaluated by the difference in number of 
moles of gaseous reactants and products, 

5. Enthalpy change (A/7) is calculated using calorimeter 


(an open vessel) 
Mw 


AH = Cx AT x — 
m 


C = heat capacity of calorimeter system, 


AT = change in temperature, 


where 


Mw = molecular mass of the Substan 
m = amount of the substance, S, ang 
This method is not suitable for 
a. reactions which are extremely slow. 
b. reactions which are accompanied by v 


enthalpy change. 
c. reactions which do not go to completion, 


QUESTIONS BASED ON ENTHALPY (AH) Anp 
INTERNAL ENERGY (AU) 


If AH is the enthalpy change and AU the change in inten 
energy accompanying a gaseous reaction, then il 
a. AH is always less than AU. 
b. AH is always greater than AU. 


c. AH is less than AU if the number of moles of Basen 
products is greater than the number of moles of Basen, 


reactants. 

d. AH is less than AU if the number of moles of gase 
products is less than the number of moles of gasey; 
reactants. 

«So. d. As AH = AU + An RT 
AH value is less ihe or greater than AU depending o 
the value of An, which is the change in number of mols 
of the gaseous components. 
As result, (a) and (b) cannot be true. 
AH « AU when An, < 0, hence (c) is also false only (à 
is correct. 
Hence, (d) is the correct answer. 


If water vapour is assumed to be a perfect gas, molar enthalpy 
change for vapourisation of 1 mol of water at 1 bar and 1007€ 5 
41 kJ mol". Calculate the internal energy change, when 


i. 1 mol of water is vaporized at 1 bar pressure and 100°C 
ii. 1 mol of water is converted into ice. 


i. Thechange H ;0(D > H,O(g) 
AH=AU+ An, RT 
or AU= AH — An, RT, substiniffug the values, weg 
AU = 41.00 ki mol 11x83 Jmol! K! x 33F 
= 41.00 kJ mol"! — 3.096 kJ mor"! 
= 37.904 kJ mor! 
ii. The change H5O(l) > H,O(s) 
There is negligible change in volume, 


D» X 


pV = nT E eens Thermodynamics 6.27 
So, we can put pA} An, RT «0 in this c ~~ - . . Thermodynamics 
AH z AU 


b. Is always negative 
$0, AU = 41.00 kJ mol"! 


c. Can be either zero or greater than zero 
d. Is unpredictable till the calculations are done 
. One litre-atmosphere is approximately equal to 
a. 19.2 J b. 101.35  c.8.31 J d. 831 J 


į. (AH — AU) for the formation of carbon monoxid 


Aa A e (CO) II. Calorific value of fat 
S Pr d IN 
E aC a. Greater than that of carbohydrate or protein 
(R= 6.914 4 b. Less than either of | 
P . Lesst of carbohydrate or protein 
" 1 pis apad b. ! 238.78 J mol! c. Less than that of carbohydrate 
C. -24 uh mo d. 2477.57 J mol! d. Greater than that of carbohydrate 
I. The difference between the heats of reaction at constant 
pressure and a constant volume for the reaction Lo 
CHD + 150,(g) 12CO,(g) + 6H,O() at 25°C I. b. In combustion, energy releases. Hence it is exothermic, 
nS AH = -ve. 
0.743 —b43372 — c-372 d. +7.43 cue eee 


III. a. 


III. The latent heat of vapourisation of a liquid at 500 K and 
] atm pressure is 30 kcal mol-!. What will be the change 
in internal energy of 3 mol of liquid at same temperature? 


a. 13.0 kcal b. —13.0 kcal I. X g of ethanal was subjected to combustion in a bomb 
c. 27.0 kcal d. 27.0 kcal calorimeter and the heat produced is Y J. Then 
IV. What is value of AU for reversible isothermal evaporation in org DUSHOR) g 9 
of 90 g water at 100?C? Assuming water vapour behaves as b. AU (combustion) = -Y J 
! x A | | 44Y ! 
an ideal Em i A ap water 1 340 cal g c. AU (combustion) = — — J mol! 
a. 9 x 10° cal b. 6 x 10? cal x 
c. 4.49 cal d. None of the above 


d. AH (combustion) = SL J mol! 


II. The reaction 


"e 
ED CASS = Oke OE) SO,(g) + 1/20,(g) —9 SO,(g) should be 


AH — AU = An A T a. Endothermic b. Exothermic 
1 P c. AH = 0 d. Unpredictable 
2 x 8.314 x 298 -1238.78 mol J III. A hypothetical reaction, A — 2B, proceeds via following 
IL a. AH - AU + An RT. Here, An, = 12-15 =-3. sequence of steps 
Thus, AH — AU = 3 » 8.314 x 10? x 298 = -7.43 kJ AC AH = q 
IL c. - AH = AU + AnRT CoD; AH = q, 
AH = 30 kcal 5D 8 AH = q; 
3H;0() => 3,0) The heat of reaction is 
An=3-0=3 a.q, — 9, * 244 b.q + 4-24) 
= 30 = AU + 3 x 0.0821 x 500 x 10° c. q, + d; + 244 d. q, + 24, - 24, 
AU - 27 kcal T 
d. Heat of system (AH),= m * AH NEN MEM 
= 90 x 540 = 48600 cal L e. v Mole- Moleeular weight 
AH = AU + P(V,— V;) = AU + AnRT I. b, AH = AU + An, RT 


or AH = An, RT 


l l 
An, = Hp Hg (i- (03) cue: 


= — 3730 = 44870 cal | 
or AU = 48600 — 3730 c AH =—ve orexothertic 


I CoD; AH = q, 
" D > 2B; AH = q, x 2 


or 48600 = AU +72 x2%373 


The enthalpy combustion of a substance 
a. Is always positive 
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From the first La 


Adding all three equations, we get 
A 2 2B; AH =q, + q, + 24, 


6.6 HEAT CAPACITY 


When heat is transferred to the system it raises tl 
of the system. The increase in temperature (A 
proportional to the quantity of heat (q) absorbed by the sy 
Mathematically, it may be shown as 

q x ATorg=CAT ...(1) 
where C is known as the heat capacity of the system. Its value 
depends upon the size, composition, and nature of the system. 


e temperature 
T) is directly 
stem. 


Equation (i) can be written as 
q (Gii) 


— AT | 
Thus, heat capacity of the system is defined as the quantity of 


the heat required to raise its temperature by one degree. Equation 
(ii) shows that a given amount of heat will raise the temperature 
of the system to a smaller extent if its heat capacity is large and 
vice-versa. 

For infinitesimally small changes, if dg is the heat required 
to raise the temperature of the system from T to (T + dT), then 
equation (ii) can be written as 

"m 
- dT 

Heat (q) is not a state function but depends on the path. 
Likewise heat capacity is also a path function. Thus, conditions 
such as constant volume or constant pressure have to be specified 
to define the path for calculating the heat capacity of a system 
particularly in a gaseous system. 


6.6.1 HEAT CAPACITY AT CONSTANT VOLUME (C,) 


The amount of heat change of a system at constant volume i.e., 
change in the heat of a system with per unit rise in a temperature 
at constant volume (AV = 0) 


(dgy 
C7 er) 
From the first law, 
dg = dU + PdV 
at dV = 0, dg = du 
dU 
yels 
so C (2) 


Thus, heat capacity at constant volume represent rate of 
increase of internal energy of the system with temperature, 


6.6.2 HEAT CAPACITY AT CONSTANT PRESSURE (C,) 


The amount of change in heat of system with per unit rise in 
temperature at constant pressure, is called heat capacity at constant 
pressure; AV # 0 


Cp= EJ 


dg = dU + P dV 
Also H= U+ PV 
» dH - dU * PdV 
dU = dH - P dV substituting in equation (i) 
or dg = dH - P dV + P dV = dH 

(i) (2) 
| Cp= dV. dT ^p 


Thus, heat capacity at constant pressure represents the ta, 
increase of enthalpy of system with temperature. o 


“i 


Relation Between C, and C, 
Since, enthalpy of the system is defined as 


H=U+PV 
From ideal gas equation, 
PV =nRT 
where n = 1 
PV=RT 
or H=U+RT 
On differentiating with respect to T 


or Cp=Cy +R 
or (Cp—C,)=R=1.99 cal K^! mor! 
= 8.314 J K^! mor! 


The difference between C, and C, is equal to the work dont 
by 1 mol of a gas in expansion when heated through 1°C. 


C, is Always Greater than C, 

a. When gas is heated at constant volume, the pressure ofags 
has to increase. As the gas is not allowed to expand, thereiüt 
in case of C, heat is required for raising the temperatur 
one mole of a gas through one degree. 


b. When gas is heated at constant P, it expands. The 25 » 
done some work against external pressure. 


: . n . n 
More heat is, therefore, supplied to raise tts temper 
through one degree. 
e Thus, C, is heat required for the purpose of | 
' ye 
e Increasing temperatures of one mole ot gas through 
degree. 
' š : T" et 
e For increasing the volume of the gas agains! ex! 
pressure, 
X Se Y 
ELEA 
C,/C, Ratio T 
l'he ratio of molar heat capacities at constant pressure T 
al constant volume is represented by y. The value ? 
information about the atomicity of gases. | 
Cp 
Cy 


ay 


p ~ 


f 
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63 MOLAR HEAT CAPACITY 
6,0: 


solar heat capacity ofa substance (C, ) is the heat required to 
we temperature of 1 mol of the system through one degree. 
^ the heat capacity of n mol of the system, then its molar heat 
If t d y C, is given by C, = Cin. 
ad For gaseous system, the heat capacities of 1 mol of a gas at 
constant volume and at constant pressure are called molar heat 
à acities. These are represented by C. and Cp, respectively. It is 
p intensive property. 


(64 SPECIFIC HEAT CAPACITY 


This term is used more frequently for solids and liquids. The 
gevific heat capacity (or specific heat) of a substance is defined 
M the amount of heat required to raise the temperature of 
| cof the substance through one degree. 

Heat capacity C 


Specific heat capacity (C) = Mase " 


o q-CxmxAT 
Units of specific heat capacity are: J g! K~! or J g^! °C! 
Note: 
l. Since molar heat capacities of solids are approximately 
equal to one another, i.e., AC, or AC,,= 0. 


Therefore, AH of reactions involving only solids do not 
change appreciably with temperature. 


Cp/Cy=y¥ 


. The value of y depends upon the atomicity of gaseous 
molecules. Thus 


to 


y= 1.66, for monoatomic gases (e.g., He, Ne, Ar etc.) 
Y= 1.40 for diatomic gases (e.g., O,, H,, N», CL etc.) 
y= 1.33, for triatomic gases (e.g., SO,, O,, CO, etc.) 
- Dulong and Petit law. The product of specific heat and molar 
mass of any metallic element is equal to 6.4 cal/mole °C. 


L€. ^ Specific heat x Molar mass = 6.4 


This law is applicable to solid elements only, exception 
being Be, B, C and Si. 


tw 


QUESTION BASED ON HEAT CAPACITY 


8 of graphite is burnt in a bomb calorimeter in excess of oxygen 

3298 K and 1 atomospheric pressure according to the equation 

he C(graphite) + O(g) > CO,(g) 

"ing the reaction, temperature rises from 298 K to 299 K, If 
€ heat Capacity of the bomb calorimeter is 20.7 kJ/K, what is 

| * enthalpy change for the above reaction at 298 K and | atm’? 

| Sa Suppose q is the quantity of heat from the reaction mixture 


and C, is the heat capacity of the calorimeter, then the 
| quantity of heat absorbed by the calorimeter. 


~ 


HSH b. Work done in expansion 


q-7 CyXAT 
Quantity of heat from the reaction will have the same 
magnitude but opposite sign because the heat lost by the 
system (reaction mixture) is equal to the heat gained by the 


calorimeter. 
q = -Cy X AT —20.7 kJ/K x (299 — 298)K 
= —20.7 kJ 
(Here, negative sign indicates the exothermic nature of the 
reaction) 


Thus, AU for the combustion of the | g of graphite 
--207 kJ K^! 


For combustion of 1 mol of graphite, 
_ 120g mol! x (-20.7 kJ) 
lg 
= 2248 x 10? kJ mol"!, (Since An, = 0,) 
AH = AU = -2.48 x 10? kJ mol! 


A swimmer coming out from a pool is covered with a film of 
water weighing about 18g. How much heat must be supplied to 


evaporate this water at 298 K? Calculate the internal energy of 
vaporisation at 100°C. 


A D H? for water at 373 K = 40.66 kJ mol! 


Sol. | The process of evaporation is 
18g H,O(I) — imion > 18 g H O(g) 
Number of moles in 18 g H O(I) is 
18g 
18 g mol! 
Apu AHO —pAV=A,,, H9 - An, RT 
(assuming steam behaving as an ideal gas) 
Ava H® - An, RT 
= 40.66 kJ mol! — (1)(8.314 JK“! moI- (373 K)(103 kJ) 
A s U® = 40.66 kJ mol! — 3.10 kJ mol! 
= 37.56 kJ mol! 


= ] mol 


A sample of oxygen gas expands its volume from 3 to 5 L against 
a constant pressure of 3 atm. If the work done during expansion 


be used to heat 10 mol of water initially present at 290 K, its 
final temperature will be 


(specific heat capacity of water = 4.18 J K^! g^) 
8.202.0K  b.2909K ¢c2980K  4d.2937K 

=PxV=3x(5—3)=6L-atm 

We have | L-atm = 101.3 J 

Work done = 6 x 101.3 J = 607.8 J 

Let AT be the change in temperature of water. 
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SPAV-2mxsx AT 
607.8 — 180 x 4.184 x AT 
AT- 0.81 K Men | 
E = 18 = 180 
T,= T,+ AT=290.9K ve 


I. The magnitude of enthalpy changes for reversible adiabatic 
expansion of a gas from volume V^, to V, (in L) is AH, and 
for irreversible adiabatic expansion for the same expansion 
is AH,. Then 


a. AH, > AH, b. AH, < AH, 


c. AH, = AH, d. AH, = AU, and AH, = AU, 
where AU, and AU, are the changes in magnitudes for the 
internal energy of gas in the two expansions. 


II. The molar heat capacity for a gas at constant T and P is 


3 US 
Q— b. —R 
í 2 à 2 

c. Dependent on the atomicity of the gas 
d. Infinity 


IIl. A system has internal energy equal to U,, 450 J of heat is 


taken out of it and 600 J of work is done on it. The final 
energy of the system will be 


a. (U, + 150) b. (U + 1050) 
c. (U, — 150) d. None of these 


I. We know that work done in a reversible expansion process 
is always greater than in an irreversible expansion process 
Using the first law of thermodynamics, q = 0 = AU 4- (-w) 
Thus, decrease in U will be larger in reversible 
adiabatic than irreversible adiabatic expansion and since 

AU = nC, AT, we can conclude that AT in reversible 


adiabatic expansion will be greater than in irreversible 
adiabatic expansion. 


Now, AH, = nC,AT 
dH 


II. d. C,»- (2) Since at constant T, dT=0 
i " 


p and AH, = nC, AT, => AH, > AH, 
^ Cp = eo 
III. a. Initial internal energy = U, 
Heat taken out = —450 J 
Work done on the system = 600 J 
^. Internal energy = q+w 
= -450 + 600 = 150 J 
^. Total energy = [U, + 150] 


A sample of ideal gas (y 


= 1.4) is heated at constant pressure, [f 
140 J of heat is supplied 


to gas, find AU and W. 


. . i 5 
WEED Gas is diatomic as Y= 1.4, thus, C,= ;^ and C, = ; "m 


| 


Given, AH = 140 J at constant pressure 
< AH=qp=n* CX AT 
140 140x2 e 40 


ASQ, A= nCp č TmxR n 


i LM 80J 
Now, W = -nR AT = ae es 


Also, qp = AH = AU + (W) 
AU = AH + W = 140 — 80 
AU = 60 J 


I. Graph for specific heat at constant volume for a Monoatom. 


gas 
3R 

V Cy 

i j b. | 
ET — T 

Cy Cy 

6 1 3R/2 d. li 
VIT ——»T 


M. Heat is supplied to a certain homogeneous sample of 
matter, at a uniform rate. Its temperature is plotted agains 


time, as shown in the figure below. Which of the following 
conclusions can be drawn? 


= 


Time —> 


Temperature ——» 


. Its specific heat capacity is greater in the solid state th? 
in the liquid state. 


Its specific heat capacity is smaller in the solid state Ù% 
in the liquid state. 

c. Its latent heat of vaporisation is greater than its late 

heat of fusion. 


d. Its latent heat of vaporisation is smaller than its late!" 
heat of fusion. 
III. Specific heat at constant pressure of a diatomic gas hav 
molar mass M is approximately equal to 


a. EE 09 b. Y 
M (y - 1) RM 
ESI d yRM 
R(y — 1) y «1 


Po 


or AH = AU+ A(PV) 
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rd For monoatomic gas or AH = AU + A(RT) 
sd : R Since for an isothermal process, AU and AT are zero hence 
ee AH = 0 
ne latent heat of vaporisation is greater them it : 
I. © feat of fusion. j remy its laterit Reversible Isothermal Expansion or Compression 
We know that: C, — C, = R Process | | | 
ji. 9 R The expression for the work involved in an isothermal expansion 
Cs- Cy WM el) or compression from volume V; to V, can be carried out as follows: 
C Since, dw = —P dV 
A = (ii) The total amount of work done by the isothermal reversible 
A NCC expansion of the ideal gas from volume V, to volume P; is, 
Substituting equation (ii) in (1), we get therefore, 
Cp _ R " 
CP, M w=- [Pav 
vi 
-D 2 For an ideal ms 
—— r gas, P = 
ep y M V 
V. 
V 
C -A So w= -nRT j4 
Po(y-DM nV 
gp eec uc —— Om Integrating, 


6.7 CALCULATIONS OF w= -nRT log, v = — 2.303nRT logyo E 
THERMODYNAMIC CHANGES IN At constant E, according to Boyle’s law, 
EXPANSION OR COMPRESSION P.V, = Pals 
OF AN IDEAL GAS V B 


We shall use the first law of thermodynamics to calculate the Vi P, 
changes in thermodynamic properties when an ideal gas undergoes P 
the process of expansion or compression. The different types So w = 2.303nRT log jo P, 


2 
Isothermal compression work of an ideal gas may be derived 
similarly and it has exactly the same value with positive sign. 


of expansion or compression processes and the corresponding 
changes in the value of g, w, AU, and AH are discussed below. 


i V; P, 
6.7.1 ISOTHERMAL EXPANSION OR COMPRESSION Weompression = 2-3037RT logio A 2.303nRT log P 
PROCESS Hence, for an isothermal expansion or compression, we have 

Inan isothermal expansion or compression process, the temperature q=-w=nRT In 21. = nRT ìn Vo 

of the system remains constant through out the expansion or 2 \ 

compression process, since, for an ideal gas, U depends only on AH = AU=0 

temperature it follows that 

dU=0 irreversible Isothermal Expansion or Compression Process 

According to the first law of thermodynamics, Two types of irreversible isothermal expansion or compression 
dU=q+w processes are observed, i.e., (a) free expansion and (b) intermediate 
Since, for an isothermal process, dU = 0, we get expansion or compression. 
q=-w a. Free expansion: In free expansion, the external pressure 1s 
This shows that in isothermal expansion or compression heat is zero. 

converted into work and vice-versa. Work is done by the system at PaO 

- expense of heat absorbed. (g positive and w negative). If some Therefore, w = — f Poa =0 

ork is done on the system (w positive), the equivalent amount of 

heat is given out (q negative). Thus, q=-w=0 
The magnitude of q or w depends on the manner in which the AH - AU-O0 

process of expansion or compression is carried out, i.e., whether b. Intermediate expansion or compression: Here, the work 

itis carried reversibly or irreversibly. is done against constant external pressure. 

. Calculation of AH can be done according to the following V 

quation: mr |^. dV =- P, (Vz - V) 
H=U+PV vi 
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Hence, in the present case, we have 
q=—w=P V) 
AU=AH=0 

Maximum work: The work done by the system always 
depends upon the external pressure. The higher the value of P,,, 
the more work is done by the gas. As in expansion, P,, cannot be 
more then P... Under this condition, the work done in reversible 
expansion is maximum. 

On the other hand, the work involved in the intermediate 
compression process is larger than that involved in the reversible 
compression. Consequently, more heat will be released in the case 
of intermediate compression. 


6.7.2 ADIABATIC EXPANSION OR COMPRESSION 
PROCESS 

In adiabatic expansion, no heat is allowed to enter or leave the 

system, hence g = 0. When this value is substituted in the first law 

of thermodynamics, AU = q + w, we get AU = w. 

In expansion, work is done by the system on the surroundings, 
hence, w is negative. Accordingly, AU is also negative, i.e., internal 
energy decreases and, therefore, the temperature of the system 
falls. In case of compression, AU is positive, i.e., internal energy 
increases and, therefore, the temperature of the system rises. 
Expressions for q. w, AU, and AH 

In adiabatic process, q = 0 

-w-2dU 

The change in the energy can be calculated as follows: 


Heat capacity (C;) = (2) 
or ĉU = C,ôT 
For n mole of ideal gas, 
OU = nC, oT 
For a finite change, we have 
AU -U,-U, - nC,(T, - T)) 
The change in enthalpy is given by. 
AH = A(U + PV) 
= AU + A(PV) = AU t nR AT 
- nCyT, - Tj) + nR(T, - T) 
=n(C,+ R) (T - Tj) 
AH = nC,{T, - T,) [*/ C,7 C,- R] 
The value of AT(T, — T,) depends upon the process whether 
it is reversible or irreversible. 


6.7.3 GRAPHICAL REPRESENTATION OF FOUR 
THERMODYNAMIC PROCESSES 


Isobaric 
, I5 
4 | Bc OL h 
5 0 F Crmaj 
z & di 
E Z “bati, 


— 
Volume 


Fig. 6.10 


For an Isochoric Process, AV = 0 s4 
Hence w=-PAV=0 
AU-q*w C wat | 
AU =q ) 


In an isochoric process the heat absorbed will bring a chan 
in internal energy. Re 


For an Adiabatic Process, q = 0 
AU=q+tw 
AU=0+w 
AU=w 

In such a case work is done at the cost of internal energy, 


a. If the gas expands, w is —ve, hence internal energy decrease, 
and temperature of the system decreases. Thus, cooling takes 
place in an adiabatic expansion of the gas. 

b. If the gas is compressed, w is +ve, hence internal energy 
increases and temperature of the system increases. Thy; 
heating takes place in an adiabatic contraction of the gas 


For adiabatic change 


w=AU=C,AT 
But --PAT 
-PAV = C,AT 


For a reversible adiabatic change 
For infinitesimally small quantities, as in reversible expansion, 


-PdV = C,d T 
For 1 mole of a gas P = RT/V 
pedr 
4 
dV dT 
-R— = C — 
V T 
V» T, 
dV [ 
Integrating, —R | —=CV f gr 
V r Ti E 
tin ecu as a 
4 i, C & F 
Now Cp- C= Rand CJC,- y 
Cp - Cy V, T, V, Ts 
—P —Y. in + = In or (y - D) Iin — = n> 
g "n -9m,y-nT 
y y= d >\y-l . 
In e = ace or (=) = h m 
£ TOMY; n 
From gas equation "c sp e gp 5, 5 


np nmn Hh 
Substituting in (i), 


e ! BV, Al P, 

cee = h o| | Eo 

V, PV, © P 
RYT = PV} 


Lame cit 


From gas equation 
n AT; 


` 
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ys, knowing % Vi, V (or P,, P) and the initial temperature 
à final temperature T, can be calculated. 
E 


i ra monoatomic Bas y= 1.66 (or 5/3) for a diatomic gas y 
p and for a polyatomic gas y= 1.33 (or 4/3). 
a 
, reversible adiabatic expansion 
l 
j Free expansion. In such a case P = 0 
à w-—PAV-—--0xAV-20 


AU=w=0 
For an ideal change AU is a function of temperature 
Wt AU=0 > AT=0 
AH = AU + PAV + VAP 
=0+0=0 


Thus, for free adiabatic expansion of an ideal gas 
AH = 0, AU=0, w=0 and AT=0 
b. For intermediate expansion against constant external 
pressure, P... 
P UV Vps CAT, — T) 


RT, RTI. 
CAT, B T;) = Pgh" B V) = Pon. ES K zn) 
1 2 


TP, -TP 
CAT Aa ( ; BP, L) 
1 


6.7.4 COMPARISON BETWEEN ISOTHERMAL 


REVERSIBLE AND ADIABATIC REVERSIBLE 
EXPANSION OF AN IDEAL GAS 


so that 
BIN 
Pai Fso ao 
or P <P, Mi) 


adi iso 
Since the work done in expansion depends upon the pressure, 
hence work done in reversible isothermal expansion is greater than 
that in reversible adiabatic expansion. 


The two expansions are shown in Fig. (6.11). The magnitude 
of the work involved is equal to the area under the curve. It can 
be seen from this figure that the magnitude of the work involved 
in the isothermal expansion is greater than that involved in the 
adiabatic expansions. 


Fig. 6.11 Comparison of magnitude of work involved in isothermal 
and adiabatic expansions 


This also follows from the fact that in the adiabatic expansion, 
temperature falls whereas in isothermal expansion, temperature 
remains the same. Since the final volumes are the same, according 
to Charles’ law (P œ T, V constant), P g; will be smaller than P... 
and thus the magnitude of the reversible work involved from 
volume V; to V Ve V.) for an ideal gas is greater in the isothermal 
process than that involved in the adiabatic process. 

Let us consider now the expansion in which the final pressure 
P is the same. Let V... and Vq; be the final volumes in isothermal 


Consider that a gas from initial stage P, and V, undergoes 
sothermal reversible and adiabatic reversible expansion such 
*4 the final volumes are the same. Let the final volume be 
"presented by V, Let P; and P, be the final pressures in 
& isothermal and adiabatic expansions, respectively. For 
4 isothermal expansion, initial P, and V, are related to final 
^ and Vas follows: 


mE iso f 
V 
acu 
4. dis 
In adiabatic expansion, these variables are related as: 
PVY= 
TT Py Vj 


al (p 
fa | mI soak) 
MM, Px 
E ince for an expansion V,> V, and the fact that y > 1, we have 
"paring equations (i) and (ii) 
AY 
x) > 
JOLY 


(1) 


and adiabatic expansions, respectively. 


For an isothermal expansion 
PUE SP, Pio 
( R Vi 


Tm) 


For an adiabatic expansion 
PV T= Pl 


P Vi. 
Comparing equation (i) and (ii), we get 
Viso _ (Yas) 

4 vi 
V. - 
In #2 = y In e 
Or V Y 


Since y > 1, it follows that 


V. V a; 
Enos 7 or V adi = Vive 
V V 


... (1) 


ii) 


nl | "Y 
| 
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temperature falls whereas in isothermal expansion, it rema; ~ 

same and since the final pressure are the same, therefore accord the 

to Charles, law (V œ T, P constant), V q; will be smaller than y 
Be | 


Hence, in an adiabatic expansion, final volume is less than 
that of an isothermal expansion. 
This also follows from the fact that in adiabatic expansion, 


Table 6.2 Comparison of thermodynamic quantities in different types of adiabatic process 


Reversible w-nCyT,—-T)«0 AU=nC fT, - Ti) «0 AH = nC(T, - T) <9 
Intermediate w'* nC, (T, — T) «0 AU’ =nC,{T, - T)) «0 AT = nC(T, -T) «0 
Free w" —-nC«T, - T) -0 ; AU" = nC (T, — T7) 0 AH" =0 
a. 2,8 7,'< 7," =7, b.w<w'<w" e.|w|»|w'|»|w"| 
d. AU < AU' < AU" e. AH < AH’ < AH" f. | AH |>| AT |>| AR” | 
PV = constant as inversion temperature. It is the temperature below Which 
T pit fpyck G a gas becomes cooler on expansion. 
| au (2) = (2) = (2) ; where y = C For most of the gases, inversion temperature is near the room 
2 1 


temperature. Thus these get cooled at room temperature when 
expansion occur. 

For hydrogen (—80°C) and helium (—240°C), the inversion 
temperature is negative. Thus these get warmed up On expansion, 


Work involved in an isothermal expansion is greater than that 
involved in an adiabatic expansion. 


-———— —À 


6.7.6 CLAUSIUS-CLAPEYRON EQUATION 


For liquid m Vapour equilibrium 
op ft = AHy | n 


Lx 


B 2303R 


where AH, is enthalpy of vaporisation and P, and P, are the 
vapour pressures at temperatures 7, and 7, respectively at the 
boiling points at pressure P, and P, respectively. 


Fig. 6.12 Comparison of the magnitude of the work involved in isothermal 
Hl and adiabatic expansions 


Fig. (6.12) shows the two expansions. The magnitude of the 
work involved in an isothermal expansion is greater than that 6.7.7 EXPLOSION TEMPERATURE 
involved in an adiabatic expansion. . 
Ifthe combustion is carried under adiabatic conditions at constant 
6.7.5 JOULE’S THOMSON EFFECT volume, the maximum temperature attained is called explosion 


temperature. 
When a real gas at a certain pressure expands adiabatically 


through a porous plug or fine hole into region of low pressure, it MISCELLANEOUS QUESTIONS 
is accompanied by cooling (except for hydrogen and helium which 


get warmed up). For an ideal gas there is no heating or cooling ILLUSTRATION 6.42 ) 


during an adiabatic expansion or contraction. a. 
During expansion, the enthalpy of system remains constant. 14 g oxygen at 0°C and 10 atm is subjected to reversible adiabatic 
Mathematically, the Joule Thomson coefficient is given as expansion to a pressure of | atm. Calculate the work done in 


5T a. Litre atmosphere. 
H= A b. Calorie (given, C/C, = 1.4). 


It is defined as the temperature change in degrees produced by | Sol.) P, = 10 atm at T= 273 K for = mol O,. 
a drop of one atmospheric pressure when the gas expands under s 


conditions of constant enthalpy. P,=1atmat T= T, for 14 iol Gs. 
(i) For cooling, 4 > O(—ve sign) (ii) For heating, 4 < 0 (+ve 32 

sign) For adiabatic expansion, we have T '-P!-Y = Constant 
For u = 0, the gas neither gets HERI nor cooled. | . th Y (B l-y -— nO idt B 
Every gas has a definite value of temperature at which the n) ^ P or y log T, | — y) log P 


sign of 4 changes from —ve to +ve. Such a temperature is termed | 


d 


^ 273 1 
— = (1-1.4) log — 
op 1A 108 n ( ) og 19^ 757 1414k 


ç done in adiabatic expansion = —"* 
Wot (Y -1) (T-T) 


"14, 008210414 273 
nb? 32 (1.4-1) 


- 1.82 L-atm 
rev 
14. 2x(1414 - 273) 


— X 


In cal ^ 32 (1.4 - 1) 
W ,"-287.88 cal 
re 


"T polyatomic gas undergoes an adiabatic process, its 
„perature and volume are related by the equation TV? = 


m . 
€ the value of n will be 


1155 . 5033 c. 2.33 d.1 


ake p. For adiabatic process 
TV Y! = constant 
for poly atomic gas 


Amono atomic gas X and a diatomic gas Y both initially at the 
ume temperature and pressure are compressed adiabatically from 
avolume V to V/2. Which gas will be at higher temperature? 

a. X b. Y 

€. both are same d. Cannot be determined 


B. LAC m y 


> Dn - Y 451-71 
L^ XE 


Since y is more for the gas X, the te 
be more for it. 


mperature will also 


Ling thermodynamic process helium g 
Tp 25 = constant. The heat given n mole 
taise the temperature from T to 2T is 

t a. SRT b. 4RT c. 16RT d. Zero 
Which of the following graphs given below 
adiabatic process? 


as obeys the law 
s of He in order to 


show(s) 


III 


^| vt commen 
I 


|| | 

I l 

I | 

I l 
l 

l 

l 


y— 
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a. II, III b. I, III c. II, IV d. I, IV 
III. The following curves represent adiabatic expansions of 


gases He, O,, and O, not necessarily in order. Which curve 
represents for O4? 


log P 
og i 
II 
Il 
log V — 
a. I b. II 
c. III d. Any one of these 
IV. During an adiabatic expansion, a gas obeys VT? — constant. 
The gas must be | 
a. Monoatomic b. Diatomic 
c. Polyatomic d. Either of these 


Ld. T-Kx P5 
S PV=RT= RKP?” or P5 x V= K or PV? = K 
orPV!-K' (yforHe- 5/3) 
<. Process is adiabatic and AH = 0. 

II. a. Adiabatic slopes are more steeper than isothermal. 
Slope of adiabatic process = y x Slope of isothermal 
process. 

III. a. PV! = constant or log P = -y log V 


y is slope for P-V plots for He, O,, and O,, i.e., 2d 
4 
and 3 respectively. 


IV. c. VT? = constant, 


Also V'-! T = constant for adiabatic expansion. 
| 


V-T' ^! = constant or — =3 
Y -— 


173 i.e., polyatomic gas. 


Show that in an isothermal expansion of an ideal gas, 
a. AU - 0 and. b. AH 7 0. 


oU 
a. Forone mole of an ideal gas, Cy = (=) , 


Hence, 

AU = C, dT 

For a finite change, AU = Cy AT 

For an isothermal process, T is constant so 
Therefore, AU = 0. 

We know that, AH - AU + A(PV) 


that AT = 0 
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For an ideal gas, PV = RT 

^ AH = AU + A(RT) = AU- RAT 
Since AT = 0 and AU- 0 
Therefore, AH = 0 


I. For adiabatic expansion of a perfect gas, < is 
dV 
a, oY wy c. ee d. Be ee 
V V V 4 
II. He, N,, and O, are expanded adiabatically and their 


expansion curves between P and V are plotted under similar 
conditions. About the ratio of the slopes, which one is not 


correct? 
a. The ratio of slopes of P-V curves for He and O, is 1.25. 


b. The ratio of slopes of P-V curves for He and N, is 1.20. 
c. The ratio of slopes of P-V curves for N, and O, is 1.05. 
d. The slope of He is least steeper and for O, is most steeper. 


III. In the pressure-volume diagram given below, the isochoric, 
isothermal, isobaric, and isoentropic parts, respectively, are: 


C 


O D 

V 
b. DC, CB, BA, AD 
d. CD, DA, AB, BC 


a. BA, AD, DC, CB 
c. AB, BC, CD, DA 


I. c. For adiabatic expansion, PV’ = constant 
On differentiating, Py-V¥~-'dV + V'dP = 0 
— Py VY-'qvV=V1dP 


y-l 
a TO pagel 
P y! 
y for gas I 


II. d. Ratio of slope = Y dor gas] 


are 7/5, 5/4, and 4/3, respectively. 


III. d. CD—Isochoric (at constant volume) 
DA—Isothermal compression (AT = 0) 
AB—Isobaric (at constant pressure) 
BC—Isoentropic (at constant entropy) 


A gas is expanded from volume V, to V, through three different 

processes: 

I. Reversible adiabatic 

II. Reversible isothermal 

III. Irreversible adiabatic (against a constant external 
pressure P...) 


/ a f N / 
"AY W 


; Slope for He, N, and O, 


i, 


~ 


The correct option is | i 
— [(T, Gas) Reversible isothermal ~ [Ty Gas Reversi i 
Íabay 
I" )Gaslireversible adiabatic abit, 3 


b. [CT )aasIneversible isothermal d (7 Gas reversi adi 
Teas] Reversible adiabatic Bids 
C. WReversible isothermal x Wirreversible adiabatic 
>w 
Reversible tial 
d. (P i Reversible isothermal T (P i Reversible adiabatic 


Sol, ) b. Wi sothermal W adiabatic and Wrev. i: W ir 
(Rev.) (II) (Rev.)(1) 
F 


II 


V 
> W. 


irr. adiabatic 


m Vaev. isothermal >W Rev. adiabatic 
In isothermal expansion, 7 = constant 


In adiabatic expansion, T 4. More is the work done by 
the gas, more is the decrease in 7. 


(^- Work is being done at the expense of AU) 


w CONCEPT APPLICATION EXERCISE 6.2 


Subjective Type 

1. A gas expands from a volume of 3.0 dm? to 5.0 dm? | 
against a constant external pressure of 3.0 atm. The | 
work done during the expansion is used to heat 10.0 
mL of water of temperature 290.0 K. Calculate the 
final temperature of water (specific heat of water 
=4.184 J g^! KJ). 

2. A gas present in a cylinder fitted with a frictionless piston 
expands against a constant pressure of 1 atm from è- 
volume of 2 L to a volume of 6 L. In doing so, it absorbs | 
800 J heat from the surroundings. Determine the increase | 
in internal energy of process. 

3. Calculate q, w, AU, and AH for the reversible isothermal 
expansion of one mole of an ideal gas at 127°C from ? 
volume of 20 dm? to 40 dm?. 

4. An insulated container contains 1 mole of a liquid, molar | 
volume 100 mL at 1 bar. When liquid is steeply passed 
to 100 bar, volume decreases to 99 mL. Find AH and 4 
for the process. 

Objective Type 

5. 5 mol of an ideal gas at 27°C expands isothermally and 
reversibly from a volume of 6 L to 60 L. The work done 
in kJ is 


(1) -14.7 (4) -56.72 


(2)-28.72 (3) +28.72 


= < 


| 


uU 


I emen ein UR enm UL 7 ———— = 


0 mol of an ideal gas confined to a volume of 10 L is 


i leased into atmosphere at 300 K where the pressure is 


TA 


ed 


Mo 
A 


— 
=> 


| bar. The work done by the gas is 
R= 0.083 L bar iK! mol!) 


(1) 249 L bar (2) 259 L bar (3) 239 L bar (4) 220 L bar 
Asystem absorbs 20 kJ heat and also does 10 kJ of work 
The net internal energy of the system 


(1) Increases by 10 kJ (2) Decreases by 10 kJ 


(3) Increases by 30 kJ (4) Decreases by 30 kJ 
A cyclic process P 
ABCD is shown in " n 
the P-V diagram. 
Which of the 
following curves C 
represents the same 
process? d 
I A B t D C 
P o 
(1) (2) V B 
D A 
I——» C= 
1 B t A B 
P| 4 P | 
(3) D C (4) | D C 
T ——> i> 
A thermodynamic process is 
shown in the following figure. 


The pressure and volumes 
corresponding to some points 
in the figure are: 

P,-3 x 104 Pa, 

V, =2 x 10? m?; 

P,7 8 x 10^ Pa, y,-5x 10? m? 

In process AB, 600 J of heat is added to the system and in 


the process BC, 200 J of heat is added to the system. The 


change in internal energy of the system in the process AC 
Would be 


(1) 560 J (2) 800 J (3) 600 J (4) 640 J 


^1 which of the following indicator diagrams given below 
© AB, BC, and CA represent isothermal, isochoric, and 
adiabatic changes, respectively? 


j M. A 


(1) P 


11. 


12. 


13. 
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(4) P 


The pressure—temperature P 
(P—T) phase diagram shown 
below corresponds to the 
(1) Curve of fusion of 
solids that expand on 
solidification. 
(2) Curve of sublimation of. O > | 
solids that directly go 
over to the vapour phase. 
(3) Both (1) and (2) (4) None of these 
An ideal gas undergoes isothermal expansion followed by | 
heat removal at constant volume and then by heat removal 
at constant pressure to the initial volume. The correct 
description of these steps is indicated by 


| E 


(1) P ’ (2) P |4 — « 3 
y —3» 1 —> 
3 
Wp | PA. 
G) Fy 1 (4) P 3 
y —» y —3À» 


Four curves A, B, C, and D are drawn in figure for a given 
amount of gas. The curve which represents adiabatic and 
isothermal changes, respectively, is 


y— 
(1) Cand D (2) D and C 
(3) A and B (4) B and 4 
ANSWERS 
Subjective Type 

1. 290.81 K 2. 394.95 J 
3. AU- AH * 0 q = 2305.3 J w = —2305.3 J 
4. AU = 100 bar mL !; AH = 9900 bar mL-! 


Objective Type 


§, (2) 6. (3) 7. (1) 
8. (1) 9. (2) 10. (3) 
11. (1) 12. (1) 13. (3) 


— 


— 


6.8 THERMOCHEMISTRY E 
emistry which 1s 


Thermochemistry is a branch of physical ch d its 
concerned with energy change between a chemical system = 
surroundings when a change of phase or a chemical reaction : 
place within the system. It is also termed as chemical energetics. 
It is based on the first law of thermodynamics. 
Chemical reactions are accompanied by evolution or 


absorption of heat energy. When reactants combine together to 
form new products, there is readjustment of energies. During 


a chemical reaction, the chemical bonds between atoms in the 
the product molecules, 1.e., 


reactant molecules are rearranged in 
chemical bonds in the reactants are broken down and new chemical 
bonds are formed in the products. Energy is needed to break the 
bonds of reactants and energy is released in the formation of new 
bonds of products. 
6.8.1 THERMOCHEMICAL EQUATIONS 
A chemical equation is a brief representation of a chemical change 
in terms of symbols or formulae of reactants and products. When 
the heat change accompanying the chemical reaction is also 
included in the chemical equation, it is known as thermochemical 
equation. Thus, a thermochemical equation may be defined as a 
chemical equation which indicates the amount of heat evolved or 
absorbed during the chemical reaction in addition to the quantities 
of reactants or products. 
A thermochemical equation can be written in two ways: 
a. Heat effect can be written as one of the term along with the 
products. For example: 
2S0,(g) + O,(g) —9 2S0,(g) + 694.0 kJ 
b. Heat evolved or absorbed can be expressed in terms of AH. 
For example: 
2S0,(g) + O,(g) —9 2SO,(g); AH = —694.0 kJ 
Physical states of various reactants and products must be 
mentioned while writing thermochemical equations because 
change of state is also accompanied by the enthalpy‘changes, and 
the reactants and products must have the same temperature and 
pressure. For example: 
When ] mol of H, gas reacts with 1/2 mol of O, gas to produce 
1 mol of liquid water, 286.0 kJ of heat is produced. 


] 
H (g) + 5 0X8 — H/O(l); AH = -286.0 kJ 


On the other hand, if 1 mol of water vapour is produced 
instead of ] mol of liquid water, the value of AH will be different. 


] 
H (g) + 2 O,(g) —> H,O(g); AH = -249.0 kJ 


Important Features about Thermochemical Equations 


a. The coefficients of various substance of chemical equation 
represents the number of their respective moles. 


b. The value of AH in a thermochemical equation corresponds 


to the enthalpy change with a specified number of moles of 


various reactants and products are involved in the reaction 


c. If the coefficients in the chemical equations are multiplied 
or divided by some integer, the AH value also be multiplied 
or divided by the same integer. For example: 


1 
H,(g) + 2 O,(g) —> H,O(g); AH = -249.0 kJ 


7 
i If the whole equation is multiplied by 2, the AH for EN 
| e 


thermochemical equation is given as N 
l : 
2| n + 29x) ge HQ) |; AH -2x (2494 
=~498 91, )ky 
or 2H,(g) + On(8) —? 2H,O(g) Ok 
d. Whena chemical equation is reversed, the magnitud 
AH remains same, however, its sign is reversed, Cofi 
For example, if AH is +ve for the forward reaction ty 


be negative for the reverse reaction. 


t 


Oul 
H,(s) + ; 0:8) — — H,O(g); AH 7 249.0 ky 


1 
H,O(g) — H,(g) + 7 928); AH = +249.0 kJ 


6.8.2 EXOTHERMIC AND ENDOTHERMIC REACTIO,, 


There are many reactions in which energy is evolved While ; 
others energy is absorbed. Depending upon the evolution y 
absorption of energy, the chemical reaction can be classified inty 
two types: exothermic and endothermic reactions. 

a. Exothermic reactions: The chemical reactions Which 
proceed with the evolution of heat energy are callej 
exothermic reactions. 

In general, exothermic reactions may be represented aş: 
A + B — C * D +q (heat energy) 

The heat evolved is expressed in units of Joules (J) or ki; 
Joules (kJ). 
At constant temperature and constant volume, heat evolved 
is equal to internal energy change (AU). For exotherni 
reactions, there is evolution of heat energy and consequently 
the energy of the products (ŁU p) becomes less than interi 
energy of the reactants (ZU.). Thus, AU will be negative 
AU - ZU,- XU, 
AS ZU, « EU, 

AU = -ve 
For example: 

C(s) + O,(g) —> CO, (g); AU = -393.0 KJ 
At constant temperature and pressure, the heat evolved“ 
equal to enthalpy change (AH). 
AH = XZH,- XH R 
In exothermic reaction, ZH,«XH, 

AH = -ve 
For example: 


! 
Fh(g) + > O5(g) —> H,0(1); AH = -286.0 KJ 


Endothermic reaction: The chemical reactions d 
proceed with the absorption of heat energy 2° | 
endothermic reactions. In general, an endothermic res 
can be represented as: 
i A+ B —»5 C+ D — q (heat) 

constant temperature and constant volume 
AU — ZU,- XU, = +ve 


b 


| eee 
ZUp? ZUR —— 


a le: 
For example; 


N,(g) + O2(8) — 2NO(g); AU = «180,5 kJ 
2NH,(8) —9 N,(g) + 3H,(g): AU = 
" constant temperature and constant pressur 
M7 ZH,- EH, as ZH, ZH, 
. AH--*ve 
For example: 
2HgO(s) —> 2Hg(I) + O(g); AH = «180.4 k] 
sign convention: 


*92.3 kJ 
e 


For exothermic reaction: AU or AH = ye 
For endothermic reaction : AU or AH = 4e 


69 HEAT OF REACTION OR 
D AT OU AECE Dri Ps. 
ENTHALPY OF REACTION 


aat of reaction is defined as the amount of heat evolved or 
spsorbed when quantities of the substances indicated by the 
emical equation have completely reacted. The heat of reaction 
| ir enthalpy of reaction) is actually the difference between the 
enthalpies of the products and the reactants when the quantities of 
ae reactants indicated by the chemical equation have completely 
«acted. Mathematically, 
Enthalpy of reaction (or heat of reaction) 
= AH = £H,- =H, 
For example, the equation 
H,(g) + CL(g) = 2HCl(g) + 44.0 kcal 
or AH = — kcal 
indicates that when 2 g of hydrogen (1 mol) completely reacts with 
"| gof chlorine (1 mol) to form 73 g of HCI (2 mol), the amount 
of heat evolved is 44.0 kcal or the enthalpy decreases by 44.0 
ical or the reacting system loses 44.0 kcal of heat or the enthalpy 
change of the reaction, AH = —44.0 kcal. 
Consider the following reaction: 
CH,(g) + 30,(g) = 2CO, + 2H,O(1); AU = -335.8 kcal 
The equation indicates that reaction has been carried between 
| mol of C,H, and 3 mol of oxygen at constant volume and 25°C. 
Tie heat evolved is 335.8 kcal or the internal energy of the system 
decreases by 335.8 kcal. 


Consider another reaction: 


C(s) + H,O(g) = CO(g) + H,(g) - 31.4 kcal 
or AH = 31.4 kcal 
| This reaction indicates that 1 mol of carbon (12 g) reacts with 
__Molof steam (18 g) to form 1 mol of CO and 1 mol of hydrogen 
in 314 kcal of heat is absorbed. The enthalpy of the system 
Soa by 31.4 kcal or the total enthalpy of the products is 31.4 
More than the enthalpy of reactants. 


31 FACTORS THAT INFLUENCE THE ENTHALPY OF 
REACTION 


er . 
tha are à number of factors that affect the magnitude of the 


PY of reaction: 


à. Phys; 
hysical State of reactants and products: Heat energy 
5 Involved for changing the physical state of a chemical 


| 
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substance. For example in the conversion of water into 
steam, heat is absorbed and heat is evolved when steam 1s 
condensed. 


Considering the following two reactions: 


| 
H,(g) + ^ O,(g) = H,O(g); AH = -57.8 kcal 


l | 
H,(g) + 2 O,(g) = H,O(1); AH = -68.32 kcal 


It is observed that there is difference in the value of AH if 
water is obtained in gaseous or liquid state. AH/ value in the 
second case is higher because heat is evolved when steam 
condenses. Hence, physical state always affects the heat of 
reaction. 


b. Allotropic forms of the element: Heat energy is also 


involved when one allotropic form of an element is 
converted into another. Thus, the value of AH depends on 
the allotropic form used in the reaction. For example, the 
value of AH is different when carbon in the form of diamond 
or in amorphous form is used. 
C(diamond) + O;(g) —9 CO,(g); AH = -94.3 kcal 
C(amorphous) + O,(g) — CO,(g); AH = -97.6 kcal 
The difference between the two values is equal to the heat 
absorbed when 12 g of diamond is converted into 12 g of 
amorphous carbon. This is termed as heat of transition. 
C(diamond) —— C(amorphous); AH = 3.3 kcal 

c. Temperature: Heat of reaction or enthalpy of reaction also 
depends on the temperature at which the reaction is carried 
out. This is due to variation in the heat capacity ofthe system 
with temperature. Due to this reason, enthalpies of reaction 
are calculated and expressed at a standard temperature of 
25?C or 298 K. However, if the reaction is not carried out 


at 25°C, the temperature at which the reaction is performed 
is indicated. 


d. Reaction carried out at constant pressure or constant 


volume: When a chemical reaction occurs at constant 

volume, the heat change is called the enthalpy of reaction 

at constant volume. However, most of the reactions are 

carried out at constant pressure. The enthalpy change is then 

termed as the enthalpy of reaction at constant pressure. The 

difference in the values is negligible when solids and liquids 

are involved in a chemical change. But, in reactions that 

involve gases, the difference in two values is considerable. 

AU + AnRT = AH 

or qytAnRT-qp 

qy = Heat change at constant volume 

Pa Heat change at constant pressure 

An = Total number of moles of products — Total number of 

moles of reactants 

e. Quantities of reactant: The amount of heat evolved 

or absorbed depends upon the amount of reactants. For 

example, combustion of 12 g (1 mol) of carbon produces 


393.5 kJ of heat, while combustion of 1.2 g of carbon 
produces 39.35 kJ of heat. 


| 
lil 
| 
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6.9.2 KiRCHOFF'S RELATION (VARIATION OF ENTHALPY 


OF A REACTION WITH TEMPERATURE) 
The variation of enthal 
by Kirchoff's equation. 


Consider a process 
A— B 


U , and H , are the internal energy and enthalpy of A, respectively, 


Whereas Uz and H, are the internal energy and enthalpy of B, 
respectively 


Hence, 
AH - Hy- H, 


Since enthalpy is a function of temperature and pressure, we 


can differentiate the above equation with respect to temperature 
at constant pressure, i.e., 


EA - |e) -| 0) 
dr Jp dT |p dT |p 
= (C9), - (C5), = AC, 


where AC, = difference in the heat capacity between reactants 
and products 


or d(AH) = AC, -dT wild) 
Case I: When AC, is constant between two temperatures T, 
and T,,. 
H, T. 
| (AH) = [ AC, dT 
H) T 


or [AH] = AC (T? 


or AH, — AH, = AC,(T, - T.) ...(i1) 
Similarly, we can write, 
AU, - AU, = AC, (T, - T) .. (iii) 


Equations (ii) and (iii) are known as Kirchoff's equations. 
Case II: AC, varies with temperature 


[d(AH) - AC, - dT 
orAH- [AC, dT +K 


where K is the integration constant. 
when 7 = 0, then AH, = K 


^. AH = AH, + AC, dT . iv) 
where AH, refers to the enthalpy charge at absolute zero. 
T T 
or AH = Aytal p me "i 


Equations (i) and (v) are another form of Kirchhoff's 
equations. 


6.9.3 STANDARD ENTHALPY OF REACTION (A H^) 


Enthalpy of a reaction depends on the conditions under which 
a reaction is carried out. It is, therefore, necessary that we 
must specify some standard conditions. The standard enthalpy 
of reaction is the enthalpy change for a reaction when all the 
participating substances are in their standard states. 


Py of reaction with temperature is given 


The standard state of a substance at a specified o ~ 
is its pure form at 1 bar. For example, the standard State Derat, 
ethanol at 298 K is pure liquid ethanol at 1 bar: st andar of liqu 
solid iron at 500 K is pure iron at 1 bar. Usually data i y 
at 298 K. e take, 
Standard conditions are denoted by adding the Super... 
to the symbol AH, e.g., AH®. Script - 


6.10 TYPES OF ENTHALPIES 
OF REACTION 


6.10.1 STANDARD ENTHALPY OF FORMATION (Au 


The standard enthalpy change for the formation of 
of a compound from its element in their most stabl 
aggregation (also known as reference states) is Called Standar 
molar enthalpy of formation. Its symbol is A, H°, Where the | 
subscript "f" indicates that one mole of the compound in questi 
has been formed in its standard state from its elements in their moy 
stable states of aggregation. The reference state of an element i 
its most stable state of aggregation at 25°C and 1 bar Pressure 
For example, the reference state of dihydrogen is H, &as and those 
of dioxygen, carbon, and sulphur is O, gas, Caie and § T 
respectively. Some reactions with standard molar enthalpies d 
formation are given below. - 


-—— 
— E ——À 


l 
H, (g) + 2 OXg) — H,0(1) 


ACH? ——285.8kJ mot! | 
C(graphite, s) + 2H,(g) ——À CH,(g) 


AH? — —14.8 kJ mo 
l 
2C (graphite, s) + 3H, (g) + 5 0,(g) — C;H;OH(I; 


AH? = 2712 KJ mot 

It is important to understand that a standard molar enthalpy 

of formation, AHS, is just a special case of AH, where on 

mole of a compound is formed from its constituent elements, asi 

the above three equations, where 1 mol of each, water, methane, 

and ethanol is formed. In contrast, the enthalpy change for a 
exothermic reaction: 

CaO(s) + CO,(g) —> CaCO,(s) 

AH = 178.3 KJ mel" 
is not an enthalpy of formation of calcium carbonate, since calcium 
carbonate has been formed from other compounds, and not from 16 
constituent elements. Also, for the reaction given below, enthalpy 
change is not the standard enthalpy of formation, AH* , for HBr(. 

H,(g) + Br,(1) —> 2HBr(g) i 

A HO =-72.8 kJ mo | 

Here two moles, instead of one mole of the product is formed - 
from the elements, i.e., A, H° = 2A,H°, l 

Therefore, by dividing all coefficients in the balanced equi 

by 2, expression for enthalpy of formation of HBr(g) is written? 


l H,(g) + 1 Br,(1)—> HBr(g); 
2 2 T 
AHO = -36.4 KI m° 


oor 
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d enthalpies of formation of some common subst 
sandr pendix (Table A6), inde 


yt eem of standard enthalpies of formation 
"m „ledge of standard enthalpies of various substances can 
qhe d to calculate standard enthalpy change of any reaction. 
pe Y le: 

xamp 
fore » calculate the heat required to decompose calcium carbonate 


jme and carbon dioxide, with all the substance in their standard 
{0 


state: CaCO,(s) —> CaO(s) + CO,(g); A H9 =? 


The following general equation can be used for the enthalpy 
nange calculation: 
C 


© 
Vv _ » a; ^ rH (products) - 2: b, A jH 3 (reactants) 


where a and b represent the coefficients of the products and 
ctants in the balanced equation. Let us apply the above equation 
for decomposition of calcium carbonate. Here, coefficients a and 
pare | each. 
Therefore, 
AH? = AH" [CaO(s)] + 4,H? [CO,(g)] 


- A,H® [CaCO,(s)] 
= 1(-635.1 kJ mol) + 1(-393.5 k mot!) 


oe - 1(-1206.9 kJ mot) 
E s mol 


Thus, the decomposition of CaCO., (s) is an endothermic 
process and CaCO, should be heated for getting the products. 


QUESTION BASED ON STANDARD ENTHALPY OF 
FORMATION (A,H?) AND Comeustions (A H9) 


The combustion of one mole of benzene takes place at 298 K and 

| atm. After combustion, CO,(g) and H,O(1) are produced and 

3267.0 kJ of heat is liberated. Calculate the standard enthalpy of 
formation, AH of benzene. Standard enthalpies of formation 

of CO. (g) and H,O(1) are 393.5 kJ mol! and -285.83 kJ mor! 

respectively. 
‘Sol. The formation reaction of benzene is given by: 

6C(graphite) + 3H,(g) > C,H,(1); 
A,H°=? +40) 
The enthalpy of combustion of 1 mol of benzene is: 


C Hé) + 2o, — 6CO,(g) + 3H,0(); 
A, H? = -3267 kJ mol! 
The enthalpy of formation of 1 mol of CO,(g): 
C(graphite) + O,(g) > CO,(8); 
AH? = -393.5 kJ mol’ 
The enthalpy of formation of 1 mol of H,O(1) is: 


1 . 
Hyg) + 5 0,(g) > 1,00); 
A,H® = 285.83 kJ mol! (iv) 


Multiplying Eq. (iii) by 6 and Eq. (iv) by 3, we get: 
6C(graphite) + 60,(g) > 6CO,(g); 


A,H® = —2361 kJ mol"! 
3 
3H,(g) + 5 Og) > 3H,0(0); 


A,H® = -857.49 kJ mol! 
Summing up the above two equations: 


6C(graphite) + 3H, (g) + 2 0,8) — 6CO,(g) + 


3H,0(1); 
A,H® = —3218.49 kJ mol! (v) 
Reversing equation (ii); 
15 
6CO,(g) + 3H,O(1) 2 C,H ¿(1) + E O;; 
A,H? = 32.61.0 kJ mol! ...(vi) 


Adding equations (v) and (vi), we get 
6C(graphite) + 3H,(g) > C,H,(1); 
AH? = 48.51 kJ mol! 


Calculate the standard heat of formation of carbon disulphide (/). 
Given that the standard heats of combustion of carbon (s), sulphur 
(s) and carbon disulphide (/) are —390.0, 290.0, and —1100.0 kJ 
mol"!, respectively. 


jl. ) Required equation is 
C(s) + 2S(s) —> CS,()), AH? =? 
Given 
a. C(s) + 0,(g)—> CO,(g); AH} =-390.0 kJ 
b. S(s) + Og) > SO,(g); AH$ =-290.00 kJ 
c. CS (D) + 30,(g) — CO,(g) + 2S0,(g); 


AH? — 1100.00 kJ 
Multiply the equation (b) by 2. 


d. 2S(s) + 20,(g) —> 2SO,(g); AH = —580.0 kJ 
Adding equation (a) and (d) and subtracting (c), 
[C(s) + 2S(s) + 30,(g) — CS, (1) - 30,(g) 
—> CO,(g) + 2SO,(g) - CO, - 2S0,] 
C(s) + 2S(s) —> CS, (1) 
AH? = AHS + 2AH - AHS 
This is the required equation. 
Thus, AH? = —390.0 — 580.0 + 1100.0 = 130.00 kJ 
Standard heat of formation of CS,(1) = 130.00 kJ 


ATION 6.51 
Calculate the heat of formation of acetic acid from the following 
data: 
a. CH,COOH(I) + 20,(g) —> 2CO,(g) + 2H,0(1); 
AH’ = -200.0 kcal 
AHS = -94.0 kcal 


- 


b. C(s) + O,(g) —> CO,(g); 


£ 


c. Hg) + 70,8) — H,O(l; AHS =-68.0 kcal 


ESO The required equation is 
2C(s) + 2H,(g) + 0,(g) = CH,COOH(); AH? =? 
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d by multiplying equation (iii) 
d adding both and finally 


This equation can be obtaine 
by 2 and also equation (c) by 2 an 
subtracting equation (a). 
AH? = 2AH? + 2AH? - AH? 
[2C + 20, + 2H,O0 + O,—CH,COOH (1) - 20, 

l 5 2C0, + 2H,0 - 2CO, - 2H,01 
AH? on coon = 2 X (94.0) + 2 x (-68.0) - (-200.0) 
= 88.00 — 136.0 + 200.0 
= —324.0 + 200.0 
= —124.0 keal 


Given the following standard heats of reactions: 
(a) heat of formation of water = —68.3 kcal, (b) heat of 
combustion of C.H, = —310.6 kcal, (c) heat of combustion of 
ethvlene = —33 7.2 kcal. Calculate the heat of reaction for the 
hydrogenation of acetylene at constant volume and at 25°C. 


Sal The required equation is 
Hg) + Hyg) —9 C,H,(g): 
Given 


l 
a. H,(g)+ >0,(g)>H,0(); AH? =-—68.3 kcal 


AH® =? 


5 
b. C>H,(g) + 5 0,(g) — 2C0,(g) + H,0(); 


AH? = -310.6 kcal 
c C,H,(g) + 30,(g) —> 2CO,(g) + 2H,O(1); 
AH? = -337.2 kcal 
The required equation can be achieved by adding equations 
(a) and (b) and subtracting (c). 
C,H,(g) + H,(g) + 30,(g) - C,H, (g) - 30,(g) 
—> 2C0, + 2H,O(1) - 2CO,(g) - 2H,O(1) 
or C,H (g) * H, (g) — C,H,(g) 
A H? = AHS + AH? - AHS 
AH- = -68.3 — 310.6 — (-337.2) 
= —378.9 + 337.2 = —41.7 kcal 
We know that 
AH* = AU* + AnRT 
or AU* = AH* — AnRT 
An—-(1-2)--1, R72» 10? kcal mol! K- 
and 7 = (25 + 273) 2 298 K 
Substituting the values in above equation, 
AU* = 41.7 - (-1) (2 x 107?) (298) 
= 41.7 + 0.596 = 41.104 kcal 


Methanol can be prepared synthetically by heating carbon 
monoxide and hydrogen gases under pressure in the presence of 
a catalyst. The reaction is 


CO(g) + 2H,(g) — CH,OH(1) AH® =? 


— 


mine. the enthalpy of this r 
he following data: 


Dete 
combination of t 


eaction by an appropriar, 


| ^ 
* 5; 0X8 —? CO(8); 5. 


O,(g) — CO,(g); AH? = -393.5 KJ mop 


a. C raphite) 


b. C, graphite) = 
c. H,(g) + 50,8) —> H50(l); AH? = —285.9 kJ mori 


3 | 
d. CH,OH(I) + 7 0,8) — CO,(g) + 2H,0(1); 
AHP = -726.6 kJ mgri 


SGN The required equation can be obtained in the following 


manner: 
M - © ©_ AHE 
AH? =- AHE + 2AHẸ + AH? — AH? 


So, AH? = 110.5 — 571.8 — 393.5 + 726.6 
= —128.2 kJ mol"! 


Standard heat of formation at 298 K is arbitrarily taken to be 
zero for 

a. Liquid bromine 

b. Gaseous bromine atoms 

c. Gaseous bromine molecules 

d. Solid bromine 


ol) a. Liquid bromine [Br,(1)] is standard state of bromine. 


The standard heat of formation listed for gaseous NH, is —11.00 
kcal mol’ at 298 K. Given that at 298 K, the constant pressure 
heat capacities of gaseous N,, H,, and NH, are, respectively, 
7.0, 6.0 and 8.0 cal mol-!. Determine AH? d AH,,, , fi 

the reactions: — E 


! 3 
2 N28) * 3H; (8) —> NH, (e) 


1 3 
Sol.) 2 No(8) + 5H2(g) —> NH,(g) 


AH k = Xip H - Zart = (-11.0 — 0) 2 11.0 kcal mol! 


AH, — AH 
—— À— AC 
T, E T P 
AH, — (-11.0) 
773 — 298 
AH", = —13.137 k cal mol"! 


l, When ethyne is passed through a red hot tube, the? 
formation of benzene takes place: 


Aj IH (cpu) = 230 kJ mol" 


E l 3 
-(so-4 x = x 6.0) x 10^ 


> — à 


y 


he standard heat of trimerisation of ethyne to benzene 


3C,Hs(g) — C.H g) 
b. 605 kJ mol! 
d. 205 kJ mot! 


ate 
NU 
( 


-l 
MIS mol 
" ask] mol! 
, 605 kJ mo B 

> 208K of methanol is given by the chemical equation 


\ 
il: ' l ^ 
ci + 2048) — C H,OH(g) 
» LE 


| | 
y Cgraphite) * ; 0:8) + 2H;g) — CHOH() 


l | 
.ü diamond) + 5 Ox) + 2H,(g) — CH,OH(I) 


, cog) 28.8) — CHOH) 


jot the following methods for the calculation of heat 


M 
ffl. j -eaction is not correct? 
oe 
i NE B _ S 
" MF. action LA H* products EA, H~- reactants 


i N Ly 
h. AH reaction L(BE) eactants (BE), oducts 
= TA comb! T (reactants) = Arom 


comb ^ (products) 


H 


- ZA olution AET ~ EA solution 2S 


(products) 


; Fels) + EXC —> Fe,0,(s); AH? = -193.4 kJ 
à. Mg(s) + 0,(g) —— MgO(s); AH? = -140.2 kJ 
What is AH? of the reaction? 

3Mg + Fe,0, —9 3MgO + 2Fe 
i272 b.-X23E 
c2272kJ d. 272.3 kJ 

. Fg) + 2HCI(g) — 2HF(g) + Cl,(g); 
AH? = -352.18 kJ 

Given heat of formation of HF, AH? HF) = —268.3 kJ 
The heat of formation of HCI will be 
a -22 kJ mol! b. 88 kJ mol"! 
c -92,21 kJ mol? d. -183.8 kJ mol! 


"ws 


Lt 
AH- = - 2, 
[AH reaction — AUT (CHo) = 3A (C,H) 
= 85 - 3(230) 
= -605 kJ 


ll. b. In the process of formation, the compound must be 
formed from constituent elements in their standard state. 


lhe 


lV, l - 
à. Subtracting equation (i) from equation and (ii) multiplied 
by 3, we get 


i 3 
2Fe(s) + 5 0,(g)— Fe,0,(s); NAH? =-193.4 kJ 


il 3 3 
Mg(s) + 5 0x8) —— 3MgO(s); AH = -420.6 kJ 
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Subtracting (1) from (11), 
MMg(s) + Fe0, —» 3MgO + 2Fe, 
AH? = 420.6 - (-193.4) = 227.2 kJ 
V. Al reaction = 2A/IT aq, 2A JT uci 

-352.18 = 2 » (-268.3) - 2x 

2x = 2(-268.3) + 352.18 

x = -92.21 kJ mol ' 


Calculate AH at 85°C for the reaction: 

Fe,0,(s) + 3H,(g) —> 2Fe(s) + 3H,O(1) 
The data: AH^,4, = -33.0 kJ mol! and 
Fe,0,(s) 
C^, (J K' mol) 103.0 


Substance H,{g) 


28.0 


Fe(s) 
25.0 


H,O( V 
75.0 


ISO. Fe,0,(s) + 3H, — 2Fe + 3H,0 
AC, = (C p)(Product) — (C,)(Reactant) 
= (2 x 25.0 + 3 x 75.0) - (103.0 + 3 * 28.0) 
= 275.0 — 187.0 = 88.0 J 


AH, — AH 
i EAC, 
T, -T, 
AHsg — (33.0) _ e8 0x107 
358 — 298 


= -l 
AH, , = -27.72 KJ mol 


6.10.2 ENTHALPY CHANGES DURING PHASE 
TRANSFORMATIONS 


Phase transformations also involve energy changes. Ice, for 
example, requires heat for melting. Normally, this melting takes 
place at constant pressure (atmospheric pressure) and during phase 
change, temperature remains constant (at 273 K). 


H,O(s) — H,0()) ; A, f° = 6.00 KJ mot! 
Here, A,, 7° is enthalpy of fusion in standard state. It water 


freezes, then process is reversed and equal amount of heat is given 
off to the surroundings. 


The enthalpy change that accompanies melting of one mole 
of a solid substance in standard state is called standard enthalpy 


of fusion or molar enthalpy of fusion, Ay H. 


Melting of a solid is endothermic, so all enthalpies of fusion 
are positive. Water requires heat for evaporation. At constant 
temperature of its boiling point T, and at constant pressure: 


H,O(I) —9 H,0(g); AH = + 40.79 kJ mol" 
Ai ' is the standard enthalpy of vaporisation. 


Amount of heat required to vaporise one mole of a liquid 
at constant temperature and under standard pressure (1 bar) is 


called its standard enthalpy of vaporisation or molar enthalpy of 
vaporisation, A, a 


r 
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Sublimation is direct conversion of a solid into its vapour: ud 
20r ‘dry ice’ sublimes at 195 K with A „T = 25.2 kJ mol i 
naphthalene sublimes slowly and for this A, H^ = 73.0 kJ mol. 


CO 


Standard enthalpy of sublimation, A „H°, is the change 1n 
enthalpy when one mole ofa solid substance sublimes at a constant 
temperature and under standard pressure (1 bar). 


The magnitude of the enthalpy change depends on the strength 
of the intermolecular interactions in the substance undergoing the 
Phase transformations. For example, the strong hydrogen bonds 
between water molecules hold them tightly in liquid phase. For an 
Organic liquid, such as acetone, the intermolecular dipole-dipole 
interactions are significantly weaker. Thus, it requires less heat to 
Vaporise 1 mol of acetone than it does to vaporize 1 mol of water. 
Table 6.3 gives values of standard enthalpy changes of fusion and 
Vaporisation for some substances. 


Table 6.3 Standard enthalpy changes of fusion and vaporisation 


Ag, H^ (kJ mol") DW mol) 


63.15 


‘HCI 
CO 
,CH,COCH, 
|CCI, 
H,O 
[NaC] 
CH, 


(T and T, are melting and boiling points, respectively) 


6.10.3 ENTHALPY OF COMBUSTION OR HEAT OF 
COMBUSTION (A, | H^) 


Enthalpy of combustion of a given compound is defined as the 
enthalpy change when one mole of this compound combines with 
the requisite amount of oxygen to given products in their stable 
forms. Combustion reactions are always accompanied by the 


evolution of heat, therefore, the value of ACH is always negative. 
For example, 


a. Combustion of methane 
CH,(g) + 20 (g) —> CO,(g) + 2H,0 
AH? = -890.3 kJ 


comb 


b. Combustion of ethanol 
C;H;OH() + 30,(g) —> 2CO,(g) + 3H,0(1) 
AH? = -1367.4 kJ 
c. Combustion of ethane 


2C,H,(g) + 70,(g) —> 4CO,(g) + 6H,0(1); 
AH? = -745.6 kcal 
Since 2 mol of C,H, is involved, hence enthalpy of 


combustion of ethane 


== T = — 372.8 kcal 


Combustion of carbon 


l . — 
C(s) + 0,8) — CO(g); AH? = 26.0 kcal 


_—» CO,(g); AH" = -94.3 kcal 
stion of carbon is not -26.0 ke 

The a ka carbon monoxide can fun : 

bond to carbon dioxide. The enthalpy of combustion of 
i -= cal. 
NT ean have a number of application 
scribed below. 

rien dne of foods and fuels: Energy is needed fy 
the working of all machines. Even human Dad IS NO exception 
Coal, petroleum, natural gas, etc., rey rae SOUrce, 
of energy for man-made machines, the food w x We eat serye 
as a source of energy to our body. These substances unde, : 
oxidation or combustion and release energy. These substances are 
therefore, termed as fuels. An adult requires 2500 to 3000 kcal di 
energy per day. Since the values of enthalpies of combustion of 
difference food articles are known, 1t becomes easy to calcular, 
our daily requirements and thus select the articles of food so ag to 
secure a balanced diet. | 

The grading of food articles and various fuels can be done on 
the basis of the values of enthalpies of combustion. 

The energy released by the combustion of foods OF fuels is 
usually compared in terms of their combustion energies per gram. 
It is known as calorific value. 

Mathematically, calorific value can be expressed as the 
amount of heat produced in calorie or joule when one gram of a 
substance (food or fuel) is completely burnt or oxidised. 

Heat of combustion of fuel 


C(s) + O,(g) 


calorific value = ‘Atomic weight or molecular 


weight of the fuel 
When methane burns, 890.3 kJ mol"! of energy is released. 


CH,(g) + 20,(g) —> CO, (g) + 2H,0()), 
1 mol (16 g) 


AHoy, = -890.3 KJ 


890.3 4 
So, the calorific value of methane = - —= = -55.6 kJ g` 


Table 6.4 Calorific values of some important foodstuffs and fuels 


Calorific value 
(kJ g) 


Calorific value 
(kJ g’) 


Wood 


3.1 
Charcoal 6.7 
Kerosine 16.7 
Methane 17.3 
LPG 30.4 


Hydrogen 


Out of the fuels listed, hydrogen has the highest calorific 
value. However, it is not used as domestic or industrial fuel due to 
some technical problems. Of the various constituents of our foot, 
fats and carbohydrates serve as the main sources of energy. The 
calorific value of proteins is quite low. 


Measurement of AU and AH: Calorimetry 


We can measure energy changes associated with chemical 0! 
physical by an experimental technique called calorimetry. n 
calorimetry, the process is carried out in a vessel called calorime!t? 


in 4 


Y 


sat mersed in a known volume of a liquid. Knowing the 
tic l „city of the liquid in which the calorimeter is immersed 
el as the heat capacity of the calorimeter, it is possible to 
"LE eth heat evolvedin the process by measuring temperature 
m 1 Me asurements are made under two different conditions: 
E constan volume, q; 
- constant pressure, qp 
5 asurements 
Um al reactions, heat absorbed at constant volume, is 
a bomb calorimeter (Fig. 6.13). Here, a steel vessel 
amb) is immersed in a water bath. The whole device is 
e BO orimeter The steel vessel is immersed in water bath 
ca that no heat is lost to the surroundings. A combustible 
p 087 is burnt in pure dioxygen supplied in the steel bomb. 
aea ‘ed during the reaction is transferred to the water 
Heat €" ji à bob aid its temperature is monitored. Since the 
wond meter is sealed, its volume does not change, i.e., 
pomb , changes associated with reactions are measured at 
the Eum Under these conditions, no work is done as the 
constant f carried out at constant volume in the bomb calorimeter. 
aes reactions involving gases, there is no work done as 
ne 0. Temperature change of the calorimeter produced by the 
p mpleted reaction is then converted to qy, by using the known 


rest capacity of the calorimeter. 


chemic 


fof . 


Thermometer 


Firin leads 


w. [TIT] [TII ĖS iiss iii) 
DEHHHHHHHHEHAHHAHHHHTHRRHRHIHHHHHEBHHBPBHHTHHEBBHEBBEHBEHHHHEHHHHHHHHHHEHI 


dP: 


Fig. 6.13 Bomb calorimeter 


4H measurements 


Measurement of heat change at constant pressure (generally under 
‘Imospheric pressure) can be done in a calorimeter shown in 
* 6.14. We know that AH = qp (at constant P) and, therefore, 
“at absorbed or evolved, qp at constant pressure is also called 
* heat of reaction or enthalpy of reaction, AH. 
ân exothermic reaction, heat is evolved, and system loses heat to 
"Stroundinps, Therefore, qp Will be negative and AH will also 
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be negative. Similarly in an endothermic reaction, heat is absorbed, 
qp is positive, and therefore, A H will be positive. 


Thermometer 


Foamed polystyrene 


Reaction mixture 


Fig. 6.14 Calorimeter for measuring heat changes at constant pressure 
(atmospheric pressure) 


Notes 

1. A combustion H? is always negative. 

2. There are certain reactions which involve combination 
with oxygen undergoing partial combustion and AH is 
+ve, €g., N, +O, 2 2NO, AH = +ve. 

Again when F, combines with O, to form OF,, F, is 
reduced and not oxidized and AH for the reaction is +ve, 


iets Et 20, > OF, AH — ve. 


3. The standard enthalpy of formation of graphite is taken 
as zero but of diamond it is not zero but is equal to 
1.816 kJ mol. 

In a bomb calorimeter, AV = 0. 

Hence AZ should be equal to AU. But this is not true. 


This is because the relation, AH = AU + PAV holds good 
only at constant pressure. 


m 


H=U+PV 
or AH = AU+ PAV + VAP 
At constant pressure, AP = 0 
AH = AU + PAV 
At constant volume, AV = 0 
AH = AU + VAP 


The thermochemical equation for the combustion of ethylene 
gas, C,H,, is 


+ 30,(g) —9 2CO,(g) + 2H,0(); 
oy e AH? = -337 kcal 


Sol. ^ Heat taken up by 
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w 
Assuming 70% efficiency, calculate the 


respectively. 


[Sol Number of moles in 1 m? of ethylene = 44.6 mol 
AH for 1 m? of ethylene (44.6 mol of ethylene) 
= n(C,H,) x AH(1 mole) 
7 —].50 x 104 kcal 
Therefore, the useful heat = 1.05 x 104 cal 


For the overall process, consider two stages: 
H,O(I) 20°C —+ H,O(g) 100°C; 


-| 
AH = C, AT = (1.00 kcal kg-!, K) (80 K) = 80 kcal kg 


H,O(1) 100°C —+ H,O(g) 100°C: 


AH = 540 kcal kg! 


^o Ata’! = 620 kcal kg! 
Therefore, weight of water converted into steam 

Amount of heat available 495 * 10° 
- Heat required/kg 620 


=16.9 kg 


kī = =Jg! 
Tm 12960 KJ (1 watt = J s-)) 


12960 . 
Units of glycogen required = ye ~ 27.22 units 


S wi 3| 


Aaa fe 


The temperature of a bomb 
1.617 K when a curren 
12 V source. Calculate 


“Sol. Energy absorbed by the calorimeter 
=x tx V=3.2x 97x 12 = 1036.8 J 
Calorimeter constant (ms) 
g=ms At 
1036.8 = ms x 1.617 
ms = 641.187 kJ 


calorimeter was found to rise by 


t of 3.20 A was passed for 27 s from a 
the calorimeter constant. 


can be calculated as, 


—£ 


Assume that for a domestic hot w 
day must be heated from | 0°C to 


C,H, is used for this purpose. What moles and volume of propane 
(in L at STP) would have to be used for heating domestic 
AH for combustion of propane is -2050 kJ mol"! 
heat of water is 4.184 x 10-3 kJ g-1, 


ater supply 150 kg of water per 
65°C and gaseous fuel propane 


Water, 
and specific 


- 


eight of water at 


o by burning 
ME team at 100°C CENE 
o be converted into s risation o 
es É en measured at STP. The ee a NUR g! 
water at 20°C and 100°C are 1.00 kcal kg™ an 


103 x 4.184 * 103 x 55 = 34518 kJ 
= 150 x 


is provided by 345 18/2059 
4158 kJ heat 1s p 
Therefore, 3 


— 16.838 mol of CH, - 
Therefore, volume of C,H, t 
= 16.838 x 22.4 L= 377.17 


t r 
ILLUSTRAT 


wh TEE | d to combustion at 27°C; 

H, was subjecte ; | 

penne UM ud temperature of the calorimeter Syste 

a vu ca 3 ater) was found to rise by 0.5°C. Calculate the 

(inclu nr ofmethane ada) constant volume and (b) con 

Mite thermal capacity of calorimeter system is 17 
re . 2 
Ki and R = 8.314 J K! mol”. 


heat 
Stant 
Ok 


SGI) Heat of combustion at constant volume, AU 
= Heat capacity of calorimeter system x Rise in temperature 
Molecular mass of compound 
x 


Mass of compound 


l6 _ 959 
16 


- 5 
17.0 x 0.5 x 0 


i.e., AU = -850 kJ mol! 

CH,(g) + 20,(g) —> CO,(g) + 2H,0(1) 
An=1-3=2, T=300 K, R=8.314 x 103 kJ K- 
AH? = AU? + AnRT 

- -850 + (-2) x 8.314 x 10-3 x 300 
7-850 — 4.988 = -854.988 kJ mol"! 


mor 


‘Sol, | C,H, + 30, —> 2CO, + 2H,0 
aL JaL 
CH, *20,— , CO, +2H.0 
(3.67 -a)L (3.67 -a)L d 
Given, 2a + 3.67 -a= 6.11 
a=2.44L, 
Volume of eth 


ylene in mixture = 2.44 L 
Volume of me 


thane in mixture = 1.23 L 


Volume of ethylene in l L mixture = : 


A4 
L— 0.6649 L 
3g; 969 


1.23 
ane in | L mixture = 2:42 = 
3.67 


24.45 Lofa gas at 25°C correspond to 1 mol. 


Thus, heat evolved by burning 0.6649 L of ethylene 
14 


= ———— 


24,5 * 0.6649 = -38.69 kJ 


Volume of meth 0.3351 L 
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p heat evolved by burning 0.3351 L of methane 


891 «933512 -12.21kI 
^^ 2445 A natural gas may be assumed to be a mixture of methane and 
So. total heat evolved by burning 1 L of mixture ethane only. On complete combustion of 10 L of gas at STP the 
3869 - 12.21 heat evolved was 474.6 kJ. Assuming A... ff) CH (g) = -894 


| -50.90 k] kJ mol! and Aom H C,H, = -1500 kJ. Calculate the percentage 


— comb 


composition of the mixture by volume. 


RATION 6:54 Sol. x L—> CH,; mole of CH, = x/22.4 
ombustion of CH,(g). C,H(g). and H,(g) are 890.3, (10 -x) L——> CH, mole of CoH, = (10 —x)/22.4 


| gu 
sheat € i i 
C 285.9 k] mol™!, respectively. Which of these fuels 


1350.7. and 9 Heat evolved = —* x 894 4 iato » 1500 
I gst efficient 22.4 224 
is 
890.3 Heat evolved x (10—3) 
cox p m Ri mL aa 474.6 = —— x 894 + «1500 
wl Fuel efficiency "lcu," ig Molecular weight 22.4 24 
= 55.64 kJ x = 0.745, %CH, = 74.5% 
13597. 51 99k 
325 ion: 
Poe E —14295kJ I. The reaction: 


3 
NH,CN(s) + 5 0(g) — N,(g) + CO,(g) + H,00) 


was carried out in a bomb caloriemeter. The heat released 
was 743 kJ mol"!. The value of AH, g for this reaction 
I. Select the correct statement from the following: would be 


a. In exothermic reaction, the value of equilibrium constant a. 740.5 kJ mol! b. -741.75 kJ mol! 
increases With rise of temperature. c. -743.0 kJ mol"! d. -744.25 kJ mol! 


II. The value of AH, , is 109 kcal mol !. Then formation of 
one mole of water in gaseous state from H(g) and O(g) is 
accompanied by 
a. Release of 218 kcal of energy 
b. Release of 109 kcal of energy 
c. Absorption of 218 kcal of energy 
d. Unpredictable 


b. In endothermic reaction, the value of equilibrium constant 
decreases with rise in temperature. 

c. In exothermic reaction, the value of equilibrium constant 
decreases with rise of temperature. 

d. In endothermic reaction, the value of equilibrium constant 
remains constant with rise of temperature. 


II. The burning of magnesium may be represented by; III. In the reversible reaction of the type 4 + B => AB. in 
2Mgís) + O,(g) —> 2MgO(s); AH® = -1204 kJ (mol 0j)" general. 
Which one of the following correctly describe what would a. Neither of the reactions will be endothermic. 
happen if the reaction were allowed to proceed at constant b. Both forward and backward reactions are exothermic. 
external pressure in such a way that no energy transfer c. Forward reaction will be exothermic. 
could take place between the reaction mixture and its d. Backward reaction will be exothermic. 
surroundings? 


a. No reaction could occur. 


b. The temperature of the reaction mixture would increase. 


. b. 
I1. a. Hyg) + 7, O,(g) —9 H,0(8) 


AH = -(2 * Ag. y^) 
AH = —2 x 109 = -218 kcal 
‘Sol. III. c. As in the formation of new bonds, energy releases. 
I. c. During exothermic reaction, heat evolved on reaction Therefore, the forward reaction will be exothermic. 
proceeding forward direction. When the temperature 
increases of the system the reaction will proceed in 
backward direction. 


II. b. In combustion, heat evolved, hence temperature of m 
" ë e O )= =A, H° (CO, 8) 
system will increase. a. NHC B 7 3^f 


c. The temperature of the reaction mixture would decrease. 


d. The pressure of the system would increase. 


I. Which of the following expressions is true? 


l 
b. AKH*(CO, g) = A HC, graphite) = =A H9(0 8) 
7 2*7 2 


€ A-A°(CO, g) = AH*(CO 


d. A, HCO, g) = Acomb” XC, graphite) z Acomb! 7° (CO, g) 
The heat of combusti 


volume is -321.30 kJ 
Constant pressure is 
a. 321.30 — 300R 


c. -321.30 — 4S0R 
O LA 
Il. c. 


| 
v 8 - 5; AIT(O,, g) 
II. 


on of solid benzoic acid at constant 
at 27°C. The heat of combustion at 


b. -321.30 + 300R 
d. -321.30 + 900R 


AH? = AU? + AnRT 


7 
CéHsCOOH(s) + 7-0 


ge 7CO,(g) + 3H,0(1) 
17 -3 
An-ny-n,- page 
AH? = -321.30 + E 300 K x r| 
= -321.30 - 450 R 


6.10.4 ENTHALPY OF SOLUTION (A. SH?) 


It is the enthalpy change when 1 mole of solute is dissolved in 
large excess of a solvent so that fu 


rther addition of solvent does 
Dot produce any more heat change 


molecules are negligible is 


or more specifically, the differential 
enthalpy of solution. 


If water is the solvent, then the 


symbol ‘aq’ (aqueous) is used 
to represent large or infinite dilutio 


ns. 
Some examples of enthalpy of solution are: 


HSO, (1) +aq= H5SO (ag); AH? = -20.2 kcal 
KCl(s) + aq = KCl(aq); AH? = 4.4 kcal 
KOH(s) + aq = KOH(aq); AH? = -13.3 kcal 
Enthalpy of ideal solution is taken zero, 


Generally, dissolution of substances in a solvent is a 
disintegration process. This process needs energy. In such cases, 
energy is absorbed, i.e., AH is positive. But in some cases, besides 
the process of breaking or ionisation, there is hydrate formation. 
During hydration heat is evolved. The net result is that heat is 
either evolved or absorbed. There are also cases in which heat of 
separation of ions is just equal to the heat of hydration and there 
is very little heat effect as in the case of sodium chloride. The iis 
of solution of NaCl is very small as the heat of ionisation is nearly 
equal to the heat of hydration. 


6.10.5 ENTHALPY OF HYDRATION (A, Ho) > 


a. Enthalpy of hydration of an anhydrous or 
salt is defined as the enthalpy chan 
it combine with requisite amount o 
hydrated stable salt. 


partially h 
Tata | 
ge when one ol q 
f water to f of 
orm a n 


For example, enthalpy of hydration of anhydrous toy 
p 


sulphate is represented by 
CuSO (s) + SH,O(1) > C,S0,:5H,0(s); AH? = 
There is invariably a liberation of heat 
i.e., the value of AH is negative, 
. Enthalpy of Hydration (A, 4H?) 
It is also defined as the enthal 
one mole of a compound in its 


dissolved in aqneous water to gi 
ions, eg, 


i. Na? (g) + aq > Na? (aq); 
ii. CI? (g) + aq > CI? (aq); 
iii. Na? (g) + CIO (g) + aq — Na? (ag) + 


-78.2 kJ 


IN such teaction, 


py change ( released) W 
constituent gaseous jo é 


; . at 
ve their constituent aqneoy, 
5 


AH? = —Ve 
AH? = -Ve 
CI» (aq): 
AH® = " 
6.10.6 ENTHALPY OF NEUTRALISATION 


The enthalpy of neutralisation i 
when one of equivalent of H® 


(A, H*) 


S defined as the entha] 


di | PY chang; 
in dilute solution Combines with 


© 
one of equivalent of OH to give rise to undissociated Water, je 
o 
H®(aq) + OH (aq) —> H5O(D; AH--STlkj 
In such reactions, there i 
the bond formation H—OH, 
Whenever one mole of a strong monoprotic acid 
(HCI, HNO.) is mixed with the one mole of a Strong base 
(NaOH, KOH), the above 


s always a release of heat because of 
i.e., AH is negative. 


lved or change in enthalpy is les 

than 13.7 keal. This is shown in the following examples: 
HCl(aq) + NH 4OH(aq) = NH,Cl(aq) + H50(); 
Weak 


Strong AHE = -123 kel 
HCN(aq) + NaOH(aq) = NaCN(aq) + H,O); 
Weak Weak J 
AH® = -12.3 keal 
The reason for the lower value is that part of the heat energy 
evolved is utilised in the complete ionisation of a weak acid of 
a weak bas 


€ or both. Hence, the net heat of neutralisation is less 
than 13.7 


kcal. The neutralisation of NH ,OH with HCI can be 
explained in the following way: 


o 
NH,OH(aq) = NH,®(aq) + OH (aq); AH=Q 


o 
and NH,°(aq) + Cl°(aq) + H9(aq) + OH (aq) i 
= NH,S(aq) + Cl©(aq) + H,0()); AH= ~13.7 ke 


A. 


7 ag, OHq) +H ag) + Cl*(ag) NH, 


( Cle E l l Thermodynamics 6.49 
| aq) a 
of ( q) 


“ AH” = 140 * 25 x 105 al= 5 
+ H,0(1); AH = -123 kcal (0 * kcal = 0.035 kcal = 35 cal 


.137 7-123 Il. d. Since, H5SO, gives 2 moles H®, HCI gives | mole H® 
go 13.7 - 12.3 = 1.4 kcal e n Hence, H5SO, will release 
am 
of M 4 kcal of heat energy is absorbed for conical | ount o 2 as compared to HCI, 
T ' which get priis from 13.7 kcal. Thus, ihe LC, y-2xor x= 2 
i j value of heat of neutralisation is not —13.7 kcal but II. d. Ionisation of HSO, gives double amount of H? ions as 
"e. kcal. compared to other acids. 
le 
e H,SO, —9 2H? + S0, 
M The absolute value of heat of neutralisation of HF is more IV. The process of neutralisation is 
"aah $7.1 k] (i.e. 68 kJ). This is due to very high heat of 6 
hydration of F~ ton. H®(aq) + OH(aq) — H,O(ly; AH? = -57.32 kJ mol"! 
5oN BASED ON ENTHALPY OF - AH? iy = Heat of formation of products 
ques N (^ HS) — EHeat of formation of reactants 
,UrRALISATIO n E l ae 8 s 
N <a ee E CY i ACH" ion i (AH H (aq) T AT OH (aq 
AusTRATION 6.69" -57.32 = 285.84 — (0 + x) 
| calculate the enthalpy change when 50 mL of 0.01 M = ABO FINIA 228,52. 1 
l Ca(OH), reacts with 25 mL of 0.01 M HCI. Given that Thus, the enthalpy of formation of hydroxyl ion is 
AJ. neutralisation of strong acid and strong base is 140 -228.52 kJ. 
kcal mol. 


a l4kcal b. 35 cal c. 10 cal d. 7.5 cal 


jj. Equal volumes of 1 M HCl and 1 M H,SO, are neutralised 
by 1M NaOH solution and x and y kJ/equivalent of heat 


." / wad 
ES T 27 "s 


What would be the heat released when: 


à; a. 0.5 mol of HCl is neutralised with 0.5 mol of NaOH 
EH i aaa a NUES ERE b. 0.5 mol of HNO, is neutralised with 0.3 mol of NaOH 
or c. 100 mL of 0.2 M HCI + 200 mL 0.2 M KOH 

Gc orco Gcr dass d. 200 mL of 0.1 M H,SO, + 150 mL of 0.2 M KOH 


II. Which ofthe following acid will release maximum amount 
of heat when completely neutralised by strong base NaOH? 


ME a. 0.5 mol of HCl is neutralised by 0.5 mol of NaOH 
i LAE Hc -- AH =-57.1 x 0.5 = 28.55 kJ 
c.1 M HCIO, d. 1 M H SO, . l 
rie — T" b. 0.3 mol of HNO, will neutralise 0.3 mol of NaOH. 
IV. The enthalpy of neutralisation of a strong acid by a strong ` EE _ 
base is—57.32 kJ mol. The enthalpy of formation of water "LAB | TARA PO TAEA 
is-285.84 kJ mol !. The enthalpy of formation of hydroxyl c. HCI = 100 x 0.2 = 20 mmol or 20 mEq 
100 is KOH = 200 x 0.2 = 40 mmol or 40 mEq 
a. +228.52 kJ mol"! b. -114.26 kJ mol! -. 20 mEq will neutralise 
c. -228.52 kJ mol! d. +114.2 kJ mol! or 20 x 10? Eq will neutralise 
P AH = (-57.1 x 20 x 103) 2 -1.14 kJ 
MV 0.01x25 d. H,SO, = 200 x 0.1 x 2 (since H,SO, is diabasic) 
L b. N eu 2 
umber of moles of HCI 1000 1000 = 40 mEq 
=25 x 10° KOH = 150 x 0.2 = 30 mEq 
r HCl —> H® + CI? ^. 30 mEq or 30 x 10? Eq will neutralise 
my = 25% 10° 7 AH =-57.1 x 30 x 10 =-1.713 kJ 
Number of moles of Ca(OH), = ——= = SSL 30 
T €— —Mr— € M— ] TD IDE e aer um we 
9% D ee ORCA 1600 000 ILLUSTRATION 6.71 
= 50 x 10° | Miis. 
6 Enthalpy of neutralisation of acetic acid by NaOH is 
Ca(OH), = Ca? + 20H 


-50.6 kJ mol, Calculate AH for ionisation of CH,COOH. Given, 


the heat of neutralisation of a strong acid with a strong base is 
-55.9 kJ mol. 


No = -5 = 19-3 
OH 2x 50 x 10°=10 


In the process of neutralisation, 25 x 10-5 mole H® will 


be completely neutralised. [ 


o 


(nc iS 
` NA as ron y base 
“Sol, The neutralisation of a strong acid by a strong 
represented by: 


6. i i L 
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D 1— 55,9 kJ...) 
H®aq) + OH —+ H,O(I) AH = -55 
We have to calculate: 
CH,COOH —> CH COO 4 H9 AH =? 


Given: 


CH,COOH + OH —> CH,COO" + H,O; AH, = ~ 
, „(ii 
Subtract equation (i) from equation (ii), we get 
AH = AH,- AH, 
= -80.6 - (-855.9) = 5.3 kJ mol! 


A constant pressure calorimeter consists of an insulated beaker 
Of mass 92 g made up of glass with heat capacity 0.75 J K! gt. 
The beaker contains 100 mL of 1 M HCI at 22.6°C to which 
100 mL of 1 M NaOH at 23.4°C is added. The final temperature 
after the reaction is complete is 29.3°C, What is AH per mole for 
this neutralization reaction? Assume that the heat capacities of 
all solutions are equal that of same volumes of water. 


So Initial average temperature of the acid and base 
_ 22.6 : 23.4 -23 0°C 
Rise is temperature = (29.3 — 23.0) = 6.3°C 
Total heat produced = (m,S, + m,S,) At 
= (92 x 0.75 + 200 x 4.184) x 6.3 
= (905.8) x 6.3 = 5706.54 J 
5706.54 
100 
= —57065.4 J = —57 kJ 


Enthalpy of neutralisation = — 


150 mL of 0.5 N nitric acid solution at 25.35°C was mixed 
with 150 mL of 0.5 N sodium hydroxide solution at the same 
temperature. The final temperature was recorded to be 28.77°C. 


Calculate the heat of neutralisation of nitric acid with sodium 
- hydroxide. 


x 1000 x 1 


‘Sol. Total mass of solution = 150 + 100 = 300 g 
Q = Total heat produced = 300 » (28.77 — 25.35) cal 
-= 300 x 3.42 = 1026 cal 


] 
Heat of neutralisation= 2 x 1000 x "e 


150 
1026 | 
= —— x 1000 x —= 
150 x x 05 13.68 kcal 
Since heat is liberated, heat of neutralisation should be 


negative. 
So, heat of neutralisation = —13.68 kcal 


e AH for the neutralisation of | 


I. The enthalpy omens dilute solution at 298 K is 


austic potash in 
by or po p Mo iur 

. 68 K. (Oe | un 
I thalpy of neutralisation of the denis be Ves 
s A COOH(aq) and NaOH (aq) Meee cal Eq- and ha 
f the reaction between H,SO,(aq) an KOH(aq) sig, 
ne Eq !. The enthalpy of dissociation of CHCOOK, 


1S 


0.5 kcal Eq! b. +0.5 kcal Eq”! 
A 26 9 kcal Eq"! d. +13.45 kcal Eq"! 
c. -26. 


Since, both HCI and KOH are strong, 57.3 kJ hea wil 
be released. | 

Il. b. Dissociation enthalpy of iir ee = 137_ T 
© 20.5 kcal Eq'!. Thus, 0.5 kcal Eq" heat will pe 


Used 
to dissociate CH,COOH completely. 


When a student mixed 50 mL of 1 M HCl and 150 mi ot 
1 M NaOH in a coffee cup calorimeter, the temperature of the 
resultant solution increases from 21°C to 27.5°C. Assuming that 
the calorimeter absorbs only a negligible quantity of heat, tha 
the total volume of solution is 100 mL, its density 1 g mI -: 
that its specific heat is 4.18 J g^. Calculate: 


a. The heat change during mixing. 


and 


b. The enthalpy change for the reaction 
HCl(ag) + NaOH(aq) —> NaCl(aq) + H,O(aq) 


Sol.) Number of moles of HCl and NaOH added 


MY 1x150 (|. 


— ——— 


~ 1000 1000 
Mass of mixture = Vx d= 1000 x 1 = 100 g 
Heat evolved, q=ms AT= 100 x 4.18 x (27.5 - 21.0) 


= 100 x 4.18 x 6.5 J=2717J=2.7170 
The involved reaction is 


HCl(aq) + NaOH(aq) —> NaCl(aq) + H,O 


-2.117 


AH? = Heat evolved per mol = 


I. At a particular temperature 


=-18.11k) 


H®(aq) + OH" (aq) —» H,O(1); AH = -57.1 kJ 


The approximate heat evolved when 400 mL of 0.2 M 


H,SO, is mixed with 600 mL of 0.1 M KOH solution vil 
be 


a. 3.426 kJ 
c. 5.2 kJ 


b. 13.7 kJ 
d. 55 kJ 


, Tf P LALO 
L aac l,(s) + 2 SOU — BaCl,-2H,0; ayo 


=) 
e value of AH represents 


=-y kJ 


i enthalpy of hydration b., Enthalpy of solution 
í gathalpy of dilution d. None of the above 

j Ived in combustion of rl : 

pe heats evo rhombic and monoclin; 

jl .ulphur are: respectively, 70960 and 71030 gee 
what will be the heat of conversion of rhombic sulphur t l 
ponoclinic? 0 
‘ 70960 cal b. 71030 cal 
d. +70 cal 


gat cal 
qne enthalpy of combustion of C(graphite) is -393.3 ky 


u mol ^, then for producing 39.3 kJ of heat the amount of 
carbon required is 
à 15 mol b.05mol «c.12g d. 12 mg 
n , Number of equivalent of H,SO, taken 
7 0.2x2x 400 _ 9 16 
1000 
; 6 
Number of equivalent of KOH added - T = ; E = 0.06 


Number of equivalents of acids and bases which 

neutralized each other = 0.06 

-. Heat evolved = 0.06 x 57.1 kJ = 3.426 kJ 
IL a. Enthalpy of hydration. 
Ld S,+0, —>SO,; AH P =-70960 cal __...(i) 
Syt 0, — S8O,; AH =-71030 cal  ..(ii) 

Subtracting equation (ii) from equation (1), we get 

AH? = AH,° - AH 
= 70960 — (-71030) = + 70 cal. 
Sp — Sy AH? = +70 cal 
IV. c... 393.3 kJ energy produced by 12 g C 
12x 39,3 
Therefore, 39.3 kJ energy produced by 3033 


= 1.2 g of C(graphite) 


L Given A, H°(HCN) = 45.2 kJ mol ! and A,H*(CH,COOR) 
72.1 KJ mol. Which one of the following facts is true? 


Thermodynamics 6.51 


b. x kcal 
C. 2x kcal 
d. Cannot be calculated from the given data 


IMI. Under the same conditions, how many mL of 1 M KOH 
and 0.5 M H,SO, solutions, respectively, when mixed to 
form a total volume of 100 mL, produces the highest rise 
in temperature? 

a. 67, 33 b. 33,67 c. 40, 60 d. 50, 50 

IV. Given: The heat of sublimation of K(s) is 89 kJ mol !. 

K(g) —o K?(g) + e; AH? = 419 kJ 
F,(g) — 2F(g), AH? = 155 kJ 

The lattice energy of KF(s) is -813 kJ mol", the heat of formation 

of KF(s) is 563 kJ mol. The E , of F(g) is 


a. -413 b. -336 c. -1149 d. +413 


I. b. pK (HCN) > pK (CH,COOH) 
II. d. It cannot be determined. 
III. d. 50, 50 because H,SO, is diprotic acid. 
It liberates 2H? per mole of acid. 


IV. b. Given that: 

Heat of sublimation of K(s) 

K(s) —> K(v); A,,H? = 89 kJ mol! 

Heat of ionisation 

K(g) — K9(g) + e; A, He = 419 kJ mol! 

Heat of atomisation of F, 

F,(g) —> 2F(g); A,H? = 155 kJ mol! 

Lattice energy ApH? = -813 kJ mot" 

Heat of formation AH? = —563 kJ mor"! 

[Heat of electron affinity of F(g) = ?] 

“AHO o AO + LED 7A EP Mg HP + AFP 
sub 


or AUI = AH -A H9 - AH? - LAGE -AH- 


Substituting all the values: 


TEN 
An H? = -563 - 89 - 419 — «813.0 
x -336 kJ mol! 


. If the heat of dissolution of anhydrous CuSO, and 
CuSO,'5H,0 is -15.89 kcal and 2.80 kcal, respectively, 
then the heat of hydration of CuSO, to form CuSO,'5H,O 


a. pK (HCN) = pK (CH,COOH) 
b. pK (HCN) > pK (CH,COOH) 
©. pK (HCN) < pK (CH,COOH) 

d. pK (HCN) = (45.17/2.07) pK,(CH,COOH) 

| The heat of neutralisation of aqueous hydrochloric acid 
by NaOH is x kcal mol! of HCI. Calculate the heat of 
neutralisation per mol of aqueous acetic acid. 
a. 0.5x kcal 


= 


IS 
a. 13.09 kcal 
c. +13.09 kcal 


b. —18.69 kcal 
d. 18.69 kcal 
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II. One mole of anhydrous AB dissolves in water and liberates 
21.0 J mol"! of heat. The value of AH?(hydration) of AB 
is — 29.4 J mol, The heat of dissolution of hydrated salt 


AB2H.O(s) is 

a. 50.4 J mor! b. 8.4 J mor! 

C. -50.4 J mol! d. -8.4 J mor! 
I. b. 


CuSO (s) + aq —> CuSO,°5H,0; 
AH? = -15.89 kcal 
CuSO,-5H,0 + aq —> CuSO,°5H,0; 
AH? = —2.80 kcal 
Apya” = AHP + AH? 
Heat of hydration = —15.89 — 2.80 = -18.69 kcal 
II. b. Dissolution of anhydrous salt AB 
AB +aq+ 2H,0 —> AB-2H,O(aq); 
AH? =-21.0 J mol! ...(1) 
Hydration of AB salt 
AB + 2H,O —À AB-2H,O(s); 
AH? = -29.4 J mol”! ....(2) 
Substracting equation (2) from (1) we get 
Ahya? = AHP AH 
=-21.0 + 29.4 = 8.4 J mor! 
AB-2H,O(s) + aq —> AB-2H,O(aq); 


AH? = 84 J mor! 


6.10.7 ENTHALPY OF TRANSITION (AH?) 


Enthalpy of transition is defined as the enthalpy change when 
one mole of one allotropic form changes to another. For example, 
C(graphite) — C(diamond); AH? = 1.90 kJ 


6.10.8 ENTHALPY OF PRECIPITATION 


Enthalpy of precipitation is defined as the enthalpy change when 
one mole of a precipitate is formed. For example, 


BaCl (aq) + Na,SO,(aq) —> BaSO,(s) + 2NaCl(ag); 
AH? = 24.67 kJ 
6.10.9 ENTHALPY OF IONISATION (A.H®) 


Enthalpy of ionisation is defined as the enthalpy change when 
one mole of an electrolyte completely dissociates into ions. For 
example, 

CH,COOH —> CH4COO? + H®; A,H? = 3.0 kcal 

HCN —> CN® + H$; AH? = 10.8 kcal 


6.10.10 ENTHALPY OF ATOMISATION (A,H?) 


TC 


For example, z 
phase. : A H? = 1665 kJ mol! 


= 
H,(g) — 2H(g); A,H? = 435.0 kJ mol 


y 


© 
6.10.11 BOND ENTHALPY (Agong~) 


halpy ofa given bond is defined as the average ey thats 
Bond enthalpy ki bond presentia hi, 
required to dissociate the said bond p ( erent o, : 
compounds into free atoms or radicals in the gaseous State li 


The term bond enthalpy may be distinguished from the ~ 
bond dissociation enthalpy which is defined "S the entha » 
required to dissociate a given bond of some specific Compo, 
For example, say of the O—H bond. The enthalpy of dissocia, | 
of the O—H bond depends on the nature of the molecular Specie 
from which the H atom is being separated. 

For example, in water molecule 

H, O(g) —9 H(g) + OH(g); AH? = 501.87 kJ mo[-! 

However, to break the O—H bond in the hydroxy re 
different quantity of heat 

OH(g) —> O(g) + H(g); AH? = 423.38 kJ mol"! 


The bond enthalpy, ^, ,H*, is defined as the average of thes, 
two values, that is 


501.87 kJ mol ! + 423.38 kJ mol”! 
Apong H^ = 2 


= 462.625 kJ mol”! 


In a diatomic molecule, the bond dissociation energy is same 
as bond enthalpy. For example, the energy required to break one 
mol of H—H bonds in gaseous state is 435.0 kJ mol"!. Therefore, 
the bond enthalpy of H—H bond is 435.0 kJ mol”! 

This may be expressed as: 

Ay QH? = 435.0 kJ mol! 

It is quite clear that dissociation of H, molecule leads to the 
formation of gaseous atoms. Therefore, this is also known as 
the enthalpy of atomisation (A 4H). This is true for all diatomic 
molecules. For example: 


Cb(g) —9 2Cl(g); A, H® = 242.0 kJ mol"! 
O(g) —9 20(g); A SH? = 428.0 kJ mol"! 


In the case of polyatomic molecules, bond dissociation 
enthalpy is different for different bonds within the same molecule. 


quires; 


Polyatomic molecules: Let us now consider a polyatomic 


molecule methane, CH,. The overall thermochemical equation 
for its atomisation reaction is given below: 


CH,(8) —> C(e) + 4H(g); AH? = 1665 kJ mol" 


In methane, all the four C—H bonds are identical in bond 
length and energy. However, the energies required to break the 
individual C—H bonds in each successive step differ: 


CH,(8) —> CH,(g) + H(g); A, HO = +427 kJ mol" 
CH,(8) —> CH,(g) + H(g); A, HO = +439 kJ mol 
CH,(8) —> CH(g) + H(g); A, © = +452 kJ mol" 
CH(g) —> C(e) + H(g); A, H9 = 4347 kJ mot! 
Therefore, 

CH, (8) — C(e) + 4H(g); A H = 1665 kJ mol" 


In such cases, we use mean bond enthalpy of C—H bond: 


>» 


" in CH}, Ac. 47 is calculated as: 
fe ‘ 1 l 
3-2 —U H=- (I Sk 
Pda (A, g (1665 KI mol!) = 416 kJ mol! 

that mean C—H bond enthalpy in methane is 
a qt has been found that mean C—H bo 
fos M = nc 
: differ slightly from compound to compound, as in 
cl CH,NO:- etc., but it does not differ in a great deal 
C daw. bond enthalpies can be calculated. Bond enthalpy 


d g > T H à 1 = m ` ` 
jail some single and multiple bonds are given in Table 6.5 


.. ind 
we ie 
l mt 
j i 


alp! 
wr 


i 


ie " Some mean single bond enthalpies in kJ mol" at 
298 K 
qO FS P S CQ Britt 
H 330 464 569 293 318 339 43] 368 297 H 
- 203 33 439 289 264 259 330 276 238 C 
159 201 272 — 209 — 201 243 — N 
O 

F 


138 184 368 351 — 205 — 201 
155 540 490 327 255 197 — 


192 180 Br 
151 I 


some mean multiple bond enthalpies in kJ mol 


{ble g.5(b) 
at 298 K 


VE C—C ll O—O 498 
xN 946 C=C 837 

cN 615 C—O 741 

oN 891 C—O 1070 


zbie6.6 Difference between bond energy and bond 
LL——— 


dissociation energy 

— 

$ | Bond dissociation energy Bond energy 
1 gw... 
i [tis the energy required to | Bond energy or precisely average 
break one mole of bonds | bond energy for a polyatomic 
of a diatomic molecule in | molecule is the average amount 
gaseous state €.g., H—Cl, of energy required to break one 
H—H, O=0 etc. Since there | mole bonds of particular type in 
is only one bond between | gaseous molecules, e.g., in water 
two atoms (may be single | molecule the bond dissociation 
bond or multiple bond), the energy of two O—H bonds differ 


energy required to break one from one another. 

mole of bonds is termed as | H—0—H(g) > OH(g) + H(g) 
bond dissociation energy. AH = 498 kJ. 

| Oo—H (g) > O(g) + H(g); AH 
=430 kJ 

In such cases, the average of 
bond dissociation energies is 
termed as bond energy. 

Itis a definite quantity and is | It is an average of the various 
expressed in kJ mol"!. bond dissociation energies of 
similar bonds and is expressed 
in kJ mol". 
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QUESTIONS BASED ON BOND ENERGY 


Find bond enthalpy of S— S bond from the following data: 
C,H,—S—C,H,, AH = -147.2 kJ mol! 
C,H,.—_3—3-—C,H,; AH = -201.9 kJ mot! 


S —o S(g); AUT = 222.8 XJ mol! 
H H H H 
SGP 4C(s) + 5H, + S— H PP 
LE | |] 
H H H H 
H H H H 
| | 
4C(s) + 5H, + 285 — "RP UNES 
| | | | 
H H H H 


AH = X(BE), - Z(BE)p 
a. —147.2 = Heat of atomisation of 4C, 10H, 1S 
— BE of 10(C—H), 2(C—S), 2( C—C) 
b. -201.9 = Heat of atomization of 4C, 10H, 2S 
-BE of 10(C—H), 2(C—S), 2(C—C), (S—S) 
Subtracting equations (i) from (ii), we get 
-201.9 + 147.2 = Heat of atomisation of 1S 
-BE of (S—S) 
= 222.8 kJ - BE of (S—S) 
BE of (S—S) = 277.5 kJ 


tr e 
Is 


n aT. 
"efie Lp 


The ‘heat of total cracking’ of hydrocarbons AH; is defined as 
AH at 298.15 K and101.325 kPa for the process below 


C,H, «(an "Js — "c. 


Given that AH, is 65.2 kJ for C,H, and -87.4 kJ for C,H, 
calculate AH for 
CH,(g) + CH,(g) — 2C,H,(g) 


UKo AH, of CH, = 0 
CH,(g) + C3Hg(g) —9 2C; H4) 
AH = 2AH (CHo) - AHq C.H) 
-2(-652) - (814) = 43K) 


D 

| D IN 

Lg I" p 
we 


Bond dissociation enthalpies of H,(g) and N,(g) are 436.0 kJ 
mol"! and 941.8 kJ mol", respectively, and enthalpy of formation 
of NH,(g) is -46 kJ mol-!. What is the enthalpy of atomisation 

à; j Ipy of N—H bond? 
of NH,(g)? What is the average bond enthalpy 9 


= 1! 
(Sol. N,(g) + 3H) —? 2NH,(g); AH = _2 x 46 kJ mo 


BD 


ZT Oo olo "^ 1 Jl 
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AH = X(BE), — X(BE), 


= (941.8 + 3 x 436) - (6x) = — 2 x 46 
(Here x = BE of N.H bonds) 
x= 390.3 k] mor! 


NH, — N+ 3(H) 
Heat of atomisation = 3 x 390.3 = 1170.9 kJ mol! 


Calculate AW of the reaction, 
H 


| 
H — € — Cig) —> C(s) + 2H(g) + 2Cl(g) 
| 
Cl 
Bond energy 


for C—H bond and C—C] bond are 400 kJ and 
320 kl, respectively, 


E AH" = Sum of bond energies of reactants 


~ Sum of bond energies of products 
=[2 x (CH) +2 x (C—C)] -0 


[All the products are free atoms] 
=2 x 400 +2 x 320 


= 800 + 640 = 1440 kJ 


Calculate the enthalpy 


of the following reaction: 


H;C—CH,(g) + H,(g) —> CH,—CH,(g) 
The bond energies of C—H, C—C, C=C, and 


H—H are 99, 
83, 147, and 104 kcal, respectively. 
“Sol. The reaction is: 
H H H H 
| MEN 
| | 
H H H H 
AH? =? 


AH" = Sum of bond energies of reactants 
— Sum of the bond energies of products 
- [AH c *4x Afa gt AHy. p] 


[AH «+6 AH. 
= (147+ 4 x 99 + 104) - (83 +6 x 99) = -30 kcal 


Calculate the enthalpy of formation of ammonia from the 
following bond energy data: 
(N—H) bond = 389 kJ mol”!; (H—H) bond = 435 kJ mol ! ; and 
(N=N) bond = 945.36 kJ mol", 


yl 


H 


| : 
BIB N= o0 eae 


H 


AHY " [AIT ww) * 3 x AIT qa ul - 16 X Ag 


Noy) | 
- 945.36 + 3 x 435.0 — 6 * 389.0 = -83.64 ky ) 


AH _ _ 83.64 
Heat of formation of NH, oa 3 
= 41.82 kj moi 


H H 
tag + 30, —> 2C0, + 2H,O 
ul. N 
from bond energy datas C=C C—H O==0 C==¢ "n 
BE (kJ mol-!): 619 414 499 754 m 


| Sol. | AH? = Sum of bond energies of reactants 


I 


pamm 


III. 


. For the precipitation reaction of Ag? ions with N 


II. 


— Sum of bond energies Of prog 
= [AH (cae + 4AH cm t 3 * A lio] 
- [4 x AH c=0 4» AA 
= [619 +4 414 +3 x 499] - [4 x 724 + 4 x 46 
= —964 kJ mol"! 


ct: 


aCl, which 
of the following statements is true? 


a. AH is zero for the reaction. 
b. AG is zero for the reaction. 


C. AG is negative for the reaction. 
d. AG should be equal to AH. 


How much heat is required to change 10 g ice at (FC n 
steam at 100°C? Latent heat of fusion and vaporisation ir 
H,O are 80 cal g! and 540 cal & !, respectively. Specii: 
heat of water is 1 cal g~! 

A piston exerting a pressure of 1.0 atm rests on the sure 
of water at 100°C. The pressure is reduced to smaller exten 


and as a result 10 g of H,O evaporates and absorbs 20 t 
of heat. Determine 


i. AH 

ii. Latent heat of va 
iii, W 

iv. AU 


pourisation 


I. 
II. 


I. 


€. AG = —ve for spontaneous process 
Total heat absorbed 


~ A fusion! + P ling rise t A uy H 


= 10x 80+ 10x 1 x 100 + 10 x 540 = 7200 cal 
i AH=+20 kJ 


10 
li. Moles = — = 0.56 
oles T 


_— Latent heat of vapourisation 
20 

p AH = 35.71 kJ mol! 
| pn 0.56 


ab we -nRT = -0.56 x 8.31 x 102 x 373 2 11735 k] 
c AUS MI w= 20- 1.735 = 18265 KJ 


mine the heat of transformation of C 


jte , (diamond) ? 
I T from the following data: 
T. + 0,(g) —9 CO,(g); AH? = -94.5 kcal 
l C (diamond) - 


s Coa + 0X8) —9 CO,(g); AH? = -94.0 kcal 
n (graphite) - 


Which of the following has highest heat of hydrogenation? 
ll. 


a. But-I-ene b. c is-But-2-ene 


c, trans-But-2-ene d. Isobutene 


|. Subtracting equation (ii) from equation (i), the required 
| equation 1s obtained. 


C diamond) C(g) 
€ He =-94.5 - (-94.0) = -94.5 + 94.0 
s 
=-0.5 kcal 


I a. More stable is an alkene, leser is its heat ofhydrogenation 


The bond energies of CC and C—C at 298 K are 590 and 331 
kJ mol, respectively. The enthalpy of polymerisation per mole 
of ethylene is 


1-J0k]  b.—-72kJ  c.72kJ d. —68 kJ 


‘Sol. b. The polymerisation of ethene may be represented as 
n(CH;,—CH,] — [—CH,—CH,—],, 
one mole of C=C bond is decomposed and two moles 
of C—C bonds are formed per mole of ethene. 
^. AH = 590 —2 x 331 = -72 kJ per mol of ethylene 


6.10.12 HESS' Law OF CONSTANT HEAT SUMMATION 


Since the molar enthalpies of reactants and products involved 
ina chemical reaction have definite values, it is obvious that the 
enthalpy change of the reaction would also have a definite value, 
irrespective of the way the reaction is carried out. Thus, if we 
transform a specified set of reactants to a specified set of products 
Y more than one sequence of reactions, the total enthalpy change 
Must be same for every sequence. This rule was given by the 
Russian chemist German Henry Hess in 1840 and is known after 

5 name as Hess’ law. This rule is a consequence of the first 
law of thermodynamic state function and can be stated as: the 
heat absorbed or evolved in a given chemical reaction is the 


§ . 
ame whether the process occurs in one step or several steps. 


Hess’ law c 


T an also be verified experimentally with the help 
0 


llowing examples: 
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. Formation of carbon dioxide from carbon 


First method: Carbon is directly converted into CO,(g)- 
C(s) + O(g) = CO,(g); AH = -94.0 kcal 
Second method: Carbon is first converted into CO(g) and 


then CO(g) into CO,(g), i.e., conversion has been carried 
in two steps: 


l 
C(s) + 5 O, = CO(g); AH = —26.0 kcal 


| 
CO(g) + 2 O, = CO,(g); AH = -68.0 kcal 


Total enthalpy change from C(s) to CO,(g), AH = —94.0 kcal. 


b. Formation of ammonium chloride from ammonia and 


hydrochloric acid: 


First method: 


NH,(g) + HCl(g) = NH,Cl(g); AH = — 42.2 kcal 
NH,Cl(g) + aq = NH,Cl(aq); AH = +4.0 kcal 
NH,(g) + HCl(g) + aq = NH,Cl(aq); AH = -38.2 kcal 
Second method: 
NH,(g) + aq = NH,(aq); AH =-8.4 kcal 
HCl(g) + aq = HCl(aq); AH = -17.4 kcal 
NH,(aq) + HCl(aq) = NH,Cl(aq); AH = -12.4 kcal 
Conclusions 


a. The heat of formation of compounds is independent of 
the manner of its formation. 

b. The heat of reaction is independent of the time consumed 
in the process. 

c. The heat of reaction depends on the sum of enthalpies 
of products minus sum of the enthalpies of reactants. 

d. Thermochemical equations can be added, subtracted, or 
multiplied like a algebraic equations. 


Applications of Hess’ law 


a. For the determination of enthalpies of formation of those 
compounds which cannot be prepared directly from 


the elements easily using enthalpies of combustion of 
compounds. 


For example, AH for the following reaction is difficult to 
determine. 
l 
C(graphite) + 5 O2(8) —> CO(g) 


However, this can be determined from the follow 


ing two 
reactions for which AH c 


an be determined experimentally. 
C(graphite) + O,(g) — CO,(g); 


AH, = —393.5 kJ mol"! 
| 
CO(g) + 5 QX(8) > CO,(g); 
AH, =-—283.0 kJ mol-! 


AN 


6.56 Physical Chemistry 


y 


Subtracting the latter from the former, we get 
C(graphite) + 5048) —23 CO(g) 
Consequently, 
AH = AH, — AH, = -393.3 — (-283.0) 

=-110.5 kJ mol! 
- Lattice energy of a crystal (Born-Haber cycle) 
(Aj eic H>): Lattice energy is defined as the amount of heat 
released when requisite amounts of ions in the gaseous State 
combine to give one mole of crystal lattice. For example, in 
the case of sodium chloride crystal, A, IH? correspond to 
the reaction 
Na®(g) + Cl©(g) — NaCl(s); AH? = -790.0 kJ mol"! 
These crystal lattice energies cannot be measured directly. 
By applying Hess’ Law to a series of elementary processes 
starting with Na(s) and Cl,(g) and ending with formation 
of NaCl(s), Alattice T^ can be calculated. Such a sequence 
of reactions for ionic compounds is called as Born-Haber 
Cycle. The concept is illustrated below by taking the 
formation of NaCl(s). 


The heat of formation of sodium chloride can be calculated 
from bond energies very easily. 


l 
Na(s) + 5 Cl,(g) —> NaCI(s); A,H? — 41] kJ mor! 


The following Sequences can give the above equation: 


i Sublimation of one mole of Na(s): 


Na(s) —» Na(g); A uH? = +109 kJ mol! 
ii. Dissociation of half mole of CL: 


l l 
2 CL(g) — Clg); 2 AgonH? = +122 kJ mol! 


(Bond energy of Cl, is Abong? = 244 ky mol!) 
iii. Ionisation of one mole of Na atoms: 


Na(g) —» Na®(g) + le~; AH? = +496 kJ mo}! 

(First ionisation energy of Na atoms is 496 kJ mol!) 
iv. Addition ofone mole of electrons to one mole of chlorine 

atoms: 

Cl(g) + le —, CI9(g); Arg? = -348 kJ mo|-! 

(Electron affinity of chlorine is 348 kJ mol!) 

(Electron affinity is the energy released, so AH is 
negative). 


v. Condensation of gaseous ions to fo 
NaCl: 
This can not be calculated directly, 
Na®(g) + Cl&(g) —+ NaCl(s); Aice? 
The summation of the above five reactions and their AH 
values allows us to calculate the value of A He. 
Thus, according to Hess' law; 


rm one mole of solid 


lattice 


l " s - 


+ A, i HO 


lattice 


d. For the determination of res 


Arrange the heat terms in 


— 411 kJ = 109.0 kJ + 1220 kJ + 496.0 ET 


tA 
lati, Lr. 
"A He =-790.0 kJ mol"! of solid NaCl. attic l 
'* “lattice | 
Born-Haber cycle of NaCl(s) 
l MN CI 
Na(g) * z Cla(g) ———> aCl(s) 


l 
[j HO |: AbondH © 


Na(g) . Cl(g)*e- 


|^ (IE,) | beg? 


Na®(g)+e- CI9(g) 


AyH® OF Agi c HO 


Born-Haber cycle of NaBr(s): 


In this cycle of formation of NaBr(s), one More s 
i.e., enthalpy of vaporisation has to be added iN the 
Born-Haber cycle for formation of NaBr(s). 


l © 
1 5A vapH l 
jBh (/) ————À5 5 Bh (g) 


1 i 
^. AH? of NaBr = A „HO + AH 5 pH » 


l l . 
* 7 A Bona H © T 244, H^ j A nice 
Born-Haber cycle of Nal(s) 


In this cycle again one more Step is to be added, ie. 
enthalpy of sublimation. 


l 
2 AsupH j 1 


i.e., 3h (s) ————35 3b (g) 
AH? of Nal = A gH? of Na(s) + AH? 
+ 5 5s H [of I,(s)] +S Aga H 


l 2 
+ 244, H^ + Antiek 


c. For the determination of bond energies 


AH = XBond energies of reactants 


— XBond energies of products 
onance energy, 


AKAR 
-JSTRATIQO 
TOPs t RENS AS Ul Vua bal RS ANY 


A 


(irr cem Cae IER 
anton MSN BER CRESS A 
- y N Sa i m aa | 
1 CORE SS EN 


quired to ionise the following molecules 
I$ given as follows: 


N (e) “41, N, (e), O,(g) —W2_, 0,°(g) 


à AH , 
Lig) —732— Li &(g) Cx(g) — 5, c (y 


decreasing order of energy: 
a. AH, > AH, > AH, > AH, 


b. AH, > AH, > AH, > AH, 
c AH; > AH, > AH, > AH, 
d. AH, > AH, > AH, > AH, 


4 


enthalpy of a reaction does not depend upon: 
e 
iu a intermediate reaction steps 


Domm ~ v = - — 


the temperature of initial and final state of the reaction 
, the physical states of reactants and products 

se of different reactants for the formation of the same 
d. U 


product 


ra Enthalpy of ionisation depends upon the size of 
P nolecules. Larger the size lesser will be ionisation 
I D 


energy. 
d (According to Hess” law) 


The heat change at constant volume for the decomposition 
i of silver(I) oxide is found to be 30.66 kJ. The heat change 
at constant pressure will be 
a. 30.66 k] b. >30.66 kJ 
c. <30.66 KJ d. Unpredictable 


IL. i. H. (g) + CL(g) — 2HCI(g); AH 7 —x kJ 
ü NaCl +H, SO, —9 NaHSO, + HCI; AH = -y kJ 
ài. 2H40 + 2Cl, * p 4HC1+0,; AH - -z kd 
From the annais, the value of A,H of HCl is 


Lak — b-ykÀ — e-kj d KI 
Il. N{g)+20;(g) — 2NO,(g) + XI 

NO(g) + O,(g) —> 2NO,(g) + Y kJ 

The enthalpy of formation of NO is 

a. (2X - 2Y) b.X- Y 

c. 1/2(¥-X) d. 1/2(X - Y) 


Lb. Ag,0(s) — 2Ag(s) + 0,9) 
(AU), = 30.66 kJ 
We know that 
AH = AU * AnRT ; (Anz np-ng Y 


=30066+ = Rx T 2 
^ AH> AU 


IL d, P(g) + CL(g) — 2HCl(g); AH = —x kJ 


~. For 1 mole of HCl, AH = = kJ mol 


ld. Ne) + 20,(g) —+ 2NO,(g); AM - *Xk) (i) 


2NO(g) + O(g) —> 2NO,(g); AH 7 -YkJ _ (ii) 
porn: equation (ii) from equation (i), we get 
N (8) + O(g) — 2NO(g); AH =X- Y 


(X - Y) 
2 


or A-H°(NO) = kJ mol! 
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QUESTIONS BASED ON LATTICE HYDRATION 
ENERGY AND BORN-HABER CYCLE 


The lattice energy of solid NaCl is 180 kcal mol !. The dissolution 
ofthe solid in H,O is endothermic to the extent of 1.0 kcal mol. 
If the hydration energies of Na? and CI^ ions are in the ratio of 
6:5 what is the enthalpy of hydration of sodium ion? 

a. —85 kcal mol"! b. -98 kcal mol! 


c. +82 kcal mol! d. +100 kcal mol! 


30l. | b. We know that 


Enthalpy of solution = Lattice energy + Hydration 
enthalpy 


or A= Aati S +A nytt” 
«AQ HO = AoH - Atc HO = 1.0 - 180 


sol 


= -179.0 kcal mol"! 
The ratio of hydration energies of Na? and CI^ is 6:5. 


6 
. Hydration energy of Na? = rh (— 179.0) 
= —97.63 kcal ~ —98.0 kcal 


i H(g)*Cl(g) — HCl(g) AH, - 4431 kd 
ii. HCl(g) + ag —9 H?(ag) + Cl°(aq) AH, 7 —75.1 kJ 


iii. H(g) —> H9(g) + e- AH, = 1317 kJ 
iv. Cl(g) + e —» Clg) AH, =-354 kJ 


a. Calculate the enthalpy of hydration of HCl 
H^(g) + Cl°(g) + aq —> H®(aq) + Cl*(aq) 

b. Calculate the enthalpy of hydration of CI? ions if 
enthalpy of hydration of H® is zero. 


a. HÊ(g) + Cl°(g) + aq —o H®(aq) + Cl*(aq) AH =? 
AH = AH, + AH, - AH, — AH, 
7-431 - 75.1 - 1317 - (-354) 
- 1469.1 kJ 
b. CI?(g) + aq —— Cl^(aq), AH, =? 
H®(g) + aq — H®(aq), AH, =0 
Given: 
Hg) + CI'(g) + aq —> H?(aq) + Cl(aq) 
AH = -1469.1 kJ 
AH = AH, + AH, 
^. AH, = AH - AH, 


= —|469.1 -0 = —-1469.1 kJ 
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Given: 
NaCl(s) + aq —» Na®(aq) + Cl (aq)AH, = 3.9 kJ 
Na®(g) + Cl°(g) —> NaCl(s) AH, =—788 kJ 
CIS(g) + aq — CI fag) AH, = -394.1 kJ 


Calculate the enthalpy of hydration of Na? ions An = 7. 


Sol.) Na*(g) + aq, Na®(aq) 
AH = AH, + AH, — AH, 
= 3.9 — 788 — (-394,1) 
= 3.9 — 788 + 394.1 = -390.0 kJ 


AH=? 


How much heat is liberated 
combines with one mole o 
data given below: 


When one mole of gaseous Na® 
f CI? ion to form solid NaCl. Use the 


Na(s) *ich (s) —> NaC\s); 
Na(s) EU Na(g); 

Na(g) —> Na®(g) + e 

Cl(g) —> 2CI(g); 

CI (g) — Clg) + e; 


AH, = —98.23 kcal 


AH, = +25.98 kcal 
AH, = +120.0 kcal 
AH, = +58.02 kcal 
AH, = +87.3 kcal 

(SoH) Na®(g) + Cle (g) — , NaCl(s) AH 


= 9 
U LI 
Given: 


l 
Na(s) + rhe (2) —+ NaCl(s) AH, = —98.23 kcal 


AH, = 25.98 kcal 
AH, = 120.0 kcal 


Na(s) —+ Na(g) 
Na(g) —> Na®(g) + e- 


CLEO —3CKg) AH 58.02 x > kcal 


CI*(g) —> Cl(g) + e 


AH. — 87.3 kcal 
Rewriting equations: 
Na(s) + 5 Ch(g — NaCl(s) AH, = -98.23 
Na(g) —> Na(s) AH, = -25.98 
Na*(g) + e- —» Na(g) AH, = -120.0 
] l 
ipce JFL) AH = -5802x 1 
Cl^(g) —> Cl(g) + e AH, = 87.3 
Na®(g) + Cl? —> NaCl(s) 
J 
AH = 98.23 — 25.98 — 120.0 — 58.02 x 3 + 87,3 
=— 185.92 kcal 
or 
© © © o 1 9 
AH = AH, - AH, - AH, - 2, AH, * AH, 
] 
= — T X $8.02 + 87.3 
= —98.23 — 25.98 — 120.0 2 
= —185.92 kcal 


ILLUSTRATION 6.95 
Enthalpies of solution of BaCl,(s) and BaCl,2H 


-20.0 kJ mol! and 8.0 kJ mol", respectively. Calcula 
of BaCl, to BaCl ’2H,0. 


PX in | 
A 


| Sol) Hydration of BaCl, is given as 
BaCl,(s) + 2H,O(1) —> BaCl,-2H,O(aq): AHO - 
Enthalpies of solution are 


a. BaCl,(s) + aq + 2H,O(1) —> BaCl,-2HO(aq). 


Subtract equations (ii) from (i), we get 
BaCl,(s) + 2H,O(1) —> BaCl,2H,0( S); 


= 200-89. , 


Applications of Bond Enthalpy 

a. Determination of enthalpy of reaction: 

enthalpy are very important quantities as th 

the changes that accompany the breaking of 

formation of the new bonds. We can predict 

reaction in gas phase, if we know different bo 

The standard enthalpy of reaction, A, H^ isr 

enthalpies of the reactants and AH? produc 
reactions as: 


AH? = X Bond enthalpies 


The reactio, 
CSE arise fro 
old bonds an, 

enthalpy ofa 
nd enthalpies 
elated to bong 
tS in gas phase 


— ord enthalpies dn 
This relationship is particularly more useful when the 
required values of AH? are not available. The net enthalpy 
change of a reaction is the amount of energy required v 
break all the bonds in the Teactant molecules minus the 
amount of energy required to break all the bonds in the 
product molecules. Remember that this relationship is 
approximate and is valid when all substances (reactants and 
products) in the reaction are in gaseous state. 


- Determination of resonance energy: When a compoun! 
shows resonance, there is considerable difference between 
the heat of formation as calculated from bond energies aX 
that determined experimentally. 

Resonance energy = Experimental heat of formation - 


Calculated heat of formate? 
For example, the reaction 


C;H«(g) —> 6C(g) + 6H(g) 

Benzene 
will require enthalpy of 5368.5 kJ. On the basis of boni 
enthalpies (3 Hec + JH. t Hep = 3 x 347.69 K] lá 
* 615.05 kJ + 6 x 413.38 kJ = 5368.5 kJ mol-!), where thi 
experimental value is 5535. | kJ mol. Thus, the resonan 
energy is = (5535.1 — 5368.5) kJ mol-! = 166.6 kJ mol | 
This amounts to the fact that benzene is more stable !! 
166.6 kJ mol. This is due to resonance, that is, in benze" 
there is no localization of single and double bonds, but d 
molecule is resonating from one extreme to another. 


Pp 


j Thermodynamics 6.5! 


ut Given: 
we . any elementary substance appearin Sol. 
l b heat of formation under standard sta C,H o(l) + H,(8)— C,H, (1): 


n case of allotropes, the enthalpy of fo 
) gable allotrope 1s taken as zero, e.g., the heat of formation 


g In the reaction, 
te is taken as zero, 


O — -| 
rmation of the most Pttydrogenation? |. —--119 kJ mol 


f graphite is zero but of diamond I$ not zero, Similarly 
qandard enthalpy of rhombic Sulphur is zero. i 
Heat of combustion is always negative. 
3 Calorific value is the amount of heat evoly 
gram of fuel or food is burnt in the 
excess of oxygen. 

p. Heat of combustion is used to calculate calorific value of 
fuels i.e., heat of combustion per gm or per mL. Greater 
the value more effective is the fuel. 

s An adult requires 2500 to 3000 kcal of energy per day. 
4, During dissolution, physical state of the compound changes 


while during hydration, there is no change in the physical 
state of the compound. 


7. Heat of solution can be + ve as well as —ve. 


$. Enthalpy of neutralization of a strong acid and strong base 
is always -57.1 kJ or 213.7 Kcal. 

9. Trouton's rule. The ratio of enthalpy of vaporisation and 
the normal boiling point of a liquid approximately equals 
88 Jmol! K^! | 


AH 


vap 


ed when one 
presence of air or 


4, a. 


L.e. = 88 J mol! K^! 

il. Heat of combustion of organic substances and heat of 
hydrogenation are determined in Bomb calorimeter. 

ll. Heat of neutralization is determined by using calorimeter 
or Dewar flask. 


2. For expansion of ideal gas in vacuum adiabatically, no 
cooling occurs. 


| 


3. The value of inversion temperature can be calculated using 
van der Waals’ equation T. = roa (where a and b are van 
: x 


der Waals’ constant of the gas) 
^ If the solubility of a substance is known at two different 
temperatures, the mean molar enthalpy of solution over 
this temperature range can be calculated by applying an 
“quation similar to van’t Hoff equation (relating equilibrium 
| “uation with temperature). 


S3 KH 1 1 ) 
log— = T T 
S52: 23037 ATi A 
Where S; and S, are solubilities at temperatures 7| and 75, 
"spectively, 


Qu 
STIONS BASED ON RESONANCE ENERGY 


e m 3 
‘hd “andar molar enthalpies of formation of cyclohexane (1) 
Ie SE (1) at 25°C are —156 and +49 kJ mol !, respectively. 
e 4 ard enthalpy of hydrogenation of cyclohexene (I Z 
Te 9M mol-!. Use this data to estimate the magnitude 


“nance energy of benzene. 


Find the actual heat of hydrogenation of benzene from Hess's 
law as follows: 


I. 6C(s) + 6H;(g) — C,H, (1); AH? = -156 kJ mol"! 


2. 6C(s) + 3H,(g) —> CH (Ty A,H ' = +49 kJ mol 


CoH (1) 7 3H,(8) CoH, (D; rivcrogenation’ T | 
> (An vdropenation “Actual = —156 = 49 = -205 kJ mol 


Note: Â Hydrogenation 2 18 always negative. 


Now, 
| Hypothetical heat of ) 7 Heat of ae 


hydrogenation of benzene of cyclo hexatriene 


T | Heat of E 
of cyclohexane 
= 3 x (-119) = -357 kJ mol"! 
Here, we have assumed that there are only 3 double bonds 


in benzene (kekule’s structure) and in hydrogenating it, the 


energy obtained will be roughly 3 times of hydrogenating 
cyclohexene. 


> Di H2 > © (Autyárogenation \-yciohexene 


and 


| | (Anyarogenation? Eye ohexene 
+ 3H 2—9 l 
© ( s ) 
3 A Hydrogenation" 1 Cyclohexene 


Clearly, heat of hydrogenation for theoretical benzene is 
more negative and thus, it is less stable. So, resonance energy 
should be negative (since actual benzene is more stable). 


— Resonance energy = -357 — (-205) 


=—152 kJ mol! of benzene 


Consider the following two reactions: : 


i. Propene + H, ——> Propane; AH | 


ii. Cyclopropane + H, —> Propane; AH, 


Then, AH, - AH, will be: 


a. 0 b.2BE, &.- BE 
c. BE -=C 


Soi) b. CH,—CH=CH, + H, —> CH,;—CH,—CH,; 


AH, = (BEc..¢ + BE, 4) - (2BEc_y + BE. () 
CH, 
/ N. *H5; — CH,— CH,— CH, 
CH,—CH, 


AH,-(BE. .*BE, 4) -(2 x BE 
AH, - AH, = 2BE,_¢- BEc—c 


c—g) 
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Calculate the resonance energy of gaseous benzene from the 
following data. 


BE(C—H) = 416.3 kJ mol"! 
BE(C—C) = 331.4 kJ mol"! 
BE(C=C) = 591.1 kJ mol"! 
A „„HO(C, graphite) = 718.4 kJ mol"! 
Aq, HOH, g) = 435.9 kJ mol l 
A, H° (benzene, g) = 82.9 kJ mol"! 
ISGP To compute resonance energy, we compare the calculated 


value of ^, H®©(benzene, g) with the given one. To calculate 
A, He (benzene. g), we add the following reactions. 


W 6C(g) + 6H(g) —9 C,H,(g): 
AH? --(3BE. &,*3BEo v + 6BEc—p) 
(b) 6C(graphite) —> 6C(g) 
AH? = 6 x 718.4 kJ mol"! 
(c) 3H, (g) —9 6H(g) 
Add (a ^ b 4 c) AH? = 3 x 435.9 kJ mol! 
6C(graphite) + 3H,(g) —9 C,H,(g) 
The corresponding enthalpy change is 
AH =- (3BE,_.+ 3BEc—cç + 6BE,_,,) 
+ [6 x 718.4 + 3 x 435.9] kJ mol! 
= [3 x 331.4 + 3 x 591.1 +6 x 718.4+3 
x 435.9] kJ mol! 
The given A-H® is A, H° (benzene, g) = 82.9 kJ mol! 


This means benzene becomes more stable by 
(352.8 — 82.9) kJ mol, i.e., 269.7 kJ mol! 


This is its resonance energy. 


Calculate the resonance energy of isoprene (C;H,) from the 
data given. 
Standard Heats of combustion of isoprene, carbon, and hydrogen 
are —3186, —393.5, and —285.83 kJ mol", respectively. Bond 
energies of C=C, C—C, C—H, and H—H bonds are 615, 
348, 413, and 435.8 kJ mol"! respectively. Standard heat of 
sublimation of graphite is 718.3 kJ mol". 


I. Calculate AH” of isoprene from its heat of combustion 
(This will give the value for actual isoprene existing in 
nature). 


SC(s) + 4H,(g) —> C,H,(g); AH? =? 
a. CH,(g) + 70,(g) —> 5CO,(g) + 4H,O(1); 
A H°, =-3186 kJ mole ! 
b. C(s) + O,(g) —> CO,(g); A,H?, = -393.5 kJ mole"! 
c. H,(g)+ 1/20,(g) — H,0(1); 
A,H?, = —285.83 kJ mole! 


Now operating 5(b) + 4(c) — (a) to get the equation o¢ 
of formation. 


AH? = 5A,H9, + 4A HP, AH, 
= AHO = 5(-393.5) + 4(-285.83) — (-3186) 
=> (AH?) = 75.18 kJ mol ! 


Now calculate the heat of formation using the bond ener 


actual 


and structure of isoprene. | H,C = C — HC = CH, 


| 


CH, | 


Note: 
i. Bond breaking: (AH) 
5[C(s) —> C(g); +718.3] 
4[H,(g) —9 2H; + 435.8] 
=> AH, =5 x 718.3 + 4 x 435.8 2153347 k] 
ii. Bond formation: (AH,) 
8[C +H —> C-H; -413] 
2[C + C —> C - C; 348] 
2[C + C — C =C; —615] 
= AH, --(8x 413 + 2 x 348 + 2x 615) =-52304 
From Hess’ Law : (A H°)theoretica = AH, + AH, 
(A-H”) theoretical = 5334.7 + (-5230) = 104.7 kJ 
— Resonance energy = 75.18 — 104.7 = —29.52 kJ 


Calculate the resonance energy of toluene (use Kekule structure) 
from the following data 


C,H,(1) + 90,(g) —> 7CO,(g) + 4H,O() + AH, 
AH? = -3910 kJ mot” 
C,H, (1) —> C,H,(g), AH? = 38.1 KJ mo 
A -H°(water) = -285.8 kJ mol"! 
A -H°[CO,(g)] = -393.5 kJ mol! 
Heat of atomisation of H,(g) = 436.0 kJ mol"! 
Heat of sublimation of C(g) = 715.0 kJ mol"! 
Bond energies of C—H, C—C, and C=C are 413.0, 345.639 
610.0 kJ mol“, | 
(SGI) From the data given, we have 
C,H,(I) + 90,(g) —> 7CO,(g) + 4H,O(l) + AH(-3910" 
It is known that | 
AH(reaction) = (X „HO (products) — (E, HO y(reactant9 N 
= (4 x Ay oll) * 7 ApH? ¢o,) - a HICH! m 
or -3910 = [4 x (-285) + 7(-393.5)] - A HICHO | 
or A,H? C,H,(1) = (3910 — 2754.5 — 1143.2) kJ | 
= 12.3 kJ mol"! 
* A-H® for gaseous toluene = (12.3 + 38.1) kJ 7 s04 | 


> 


QU 1C) + 4H,(g) — 


ical equation for the oe — 


(g) 
= [7 x (heat of sublimation of solid C 


A Veal 
ycact4xO—C+8 x C- H] 


W A 
4BE of H.(g)) 


z 
7 


axTlst4 x 436) - G * 610 +4 x 345 6 4 8x 
Caps 1744) - (1830 + 3304 + 1382.4) 

p Q- 65164) K] = 232.6 kJ 

2 (0197 

" energy = (232.6 — 50.40) kJ = 187 Phi wert 


we ihe resonance energy of N,O from the following data 


alite 


\ 


413) 


FP of NO = 82 kJ mol! 

Se energy of NEN, N==N, O==0, and N==0 bon ds is 946, 
" 408, and 607 KI mol ', respectively, 

] NT Os 


l 
gare 50-0) N-N—0g) 


"DEM T 
AH SO = [AHS (N==N) + > AH? oo 


- [AH yo) + AH? 
l 
= (946+ T x ass | — (607 + 418) 
= 946 + 249 — 607 — 418 
= 1195 — 1025 = 170 kJ mol! 


Resonance energy = Observed heat of formation 


(=n) 


— Calculated heat of formation 
= 82 — 170 =-88 kJ mor! 


tubby of hydrogenation of benzene is AH, and for cyclohexene 
-!E. The resonance energy of benzene is 
a. 3AH, — AH, b. 3AH, — AH, 
C3AH, + AH, d. AH, — 3AH, 
L3 b. Heat of hydrogenation is always negative and benzene 
is more stable than cyclohexatriene. 


Therefore, resonance energy should be negative. 
, a AH, = AH, 


CONCEPT APPLICATION EXERCISE 6.3 


l. Find the heat that of sublimation of sodium metal from 
the following data. Jonisation energy of sodium = 502.1, 
ond energy of chlorine — 242.8, heat of formation of 
NaCl = 411.1, lattice energy of NaCl = ~778.0, and 


electron affinity of chlorine is -365.3. All units are in 
Mol", 


2, 
Anathlete takes 20 breaths per minute at room temperature, 
| ° air inhaled in each breath is 200 mL which contains 


f gaseous toluene Edi 


A 


— 
= 


12. 


. AH combustion for CH,, C)H,, and C,H, are —210.8, 


. When 12.0 g of C reacted with a limited quantity of oxygen, 


. Given CaCl,(s) + aq —> CaCl,(aq) : AH? = 75 kJ 


. Calculate the enthalpy change for the following reaction: | 


. The conversion of gaseous atoms K and F to ions 


Thermodynamics 6.61 


20% oxygen by volume, while exhaled air contains 10% 
oxygen by volume. Assuming that all oxygen is consumed 
if used for converting glucose into CO, and H,O(l), how 
much glucose will be burnt in the body in one hour and 
what is the heat produced. (Room temperature = 27°C and 


enthalpy of combustion of glucose is -2822.5 kJ mol"! at 
0°C, 


. Calculate the resonance energy of C.H, using kekule 
J 


formula of C.H, from the following data. 
a. AH? for C.H, = -358.5 kJ mol ! 
b. Heat of atomisation of C = 716.8 kJ mol! 


c. Bond energy of C—H, C—C, C=C and H—H are 
490, 620, 436.9 kJ mole"! respectively. 


. A person inhales 640 g of O, per day. If all the O, is used 


for converting sugar into CO, and H,O, how much sucrose 
(C; ;H,,O,) is consumed in the body in one day and what 
is the heat evolved. 


(AH, = ~5645 kJ mol) 


ombustion of sucrose 


—368.4 and —526.3 kcal mol"!, respectively. Calculate 
AH combustion for octane. 


57.5 kcal of heat was produced. Calculate the number of 
CO and number of moles of CO, produced. 


Given C * O, —>CO,; AH = —94.05 kcal 
C+ 1/20, —>CQ; A,H= 26.41 kcal 


mol! at 18°C and CaCl,-6H,O + aq—> CaCl, (aq), AH* 
19 kJ mol! at 18°C. Find the heat of hydration of CaCl, 
to CaCl,-6H,O by H,O(g). The Heat of vaporisation of 


water may be taken as 2452 J"! g at 18°C. | 


XeF, —> Xe® + F + F, + F. The average Xe—F bond | 
energy is 34 kcal mol", first IE of Xe is 279 kcal mot, | 
EA of F is 85 kcal mol! and bond dissociation energy of | 
F, is 38 kcal mol". 


K® and F^? absorbs 0.85 eV. If the ionization energy and 
electron affinity of K and F have magnitudes in the ratio 
7 : 6, what is the electron affinity of fluorine? 


. Calculate the enthalpy change when infinitely dilute 


solution of CaCl, and Na,CO, are mixed. A, H> for 
Ca?* (aq), CO4^ (aq), and CaCO,(s) are -129.80, 
—161.65, and -288.50 kcal mol! respectively. 


. The sublimation energy of a metal is 100 kJ mol! and its 


[st and IInd IEs are 4.0 eV and 12,0 eV respectively. 
The hydration energy of X? is -380 kJ mol! and X?* is 

1280 kJ mol '. Comment the stability of two ions in water. 
The C—H bond of the side chain in toluene, CLH.—CH,, 
has a dissociation energy of 77.5 kcal mol. Calculate 


EE 


—— bd cu 
pu 
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mm | CO ` 
f CO, 0.54 mo | 
6. 0.46 mol 0 2 
AH? of benzyl radical and the strength of the central bone 7, — 358.816 kJ mol! Ss SAARI mop | 
‘a dibenzyl C H.—CH.,—CH,—C,H, given that ee Mm V 10. 2.95 kcal 
1b 7, : -— 2 2 D . suite i , " å 
in ae 12 kcal mol"! and that of dibenzyl vapout 9, 5.10€ | has x? 
toluene vapour in 12 kce ri 1. X2'(aq) more stable 
is 27.8 kcal mol-!. BE of H, = 104 kcal mo! . 11. , || 
7 rans-2-butane, AH, 12. 47.2 kcal mol ! | 
13. a. Cis-2-butene — trans-z —Ó— kcal; AH, = 1.74 kca | 
b. Cis-2-butene —> l-butene, AH, | kj mol"! | 
i S-2 e — E J mo | 
c. Trans-2-butene is more stable than Cis-2-butene _ j 4 kJ mol i 16. +159 kj mop! 
l l ` — —3267.4 KJ 1 l 
d. Enthalpy of combustion of 1-butene, 15. -326 | 


—— 


ʻ 


AH = —649.$ kcal/mol 


ONS OF THE FIRST 
: iiie S of trans-2-butene, LAW OF THERMODYNAMICS 


AH = —647.1 kcal mol. 
Calculate AH i and AH,? 


14. Calculate the proton affinity of NH,(g) from the following 
data (in kJ mol): 


The first law of thermodynamics is concerned with the CONVErsio, 
of energy from one form to another. It helps us to understa 
energy transformation in different chemical reactions. The bas 
point of first law is that all physical and chemical Process 


. total energy of TA 
AH" dissociation: H,(g) = 218 take place in such a manner that the to gy of the Univer, 
nó omninm NH. (2) = -46 (i.e., the energy of the system and the energy of the SUTTOUnj. 
AH- formatio in : - "um ings) is constant. However, it suffers from the following ty, 
Lattice energy o s) = 683 
m, =) 


limitations: 
lonisation energy of H = 1310 


a. The first law is unable to predict the direction of Change ;; 
Electron affinity of Cl = -348 feasibility of the process in particular direction. It is cley 


Bond dissociation energy Cl,(g) = 124 from the following examples: 


A, H®(NH,Cl) = -314 


A hot object cools down to the temperature of th 


15. Calculate the enthalpy of combustion of benzene (1) on the surroundings but an object does not become hotter than i 
basis of the following data: surroundings of its own. For example, when a cup of hot tz 
- is kept in a room, it cools spontaneously by losing heat to te 
bou dic O RM ME A Ir surroundings. Obviously, the first law of thermodynamic : 
b. Enthalpy of hydrogenation of cyclohexene (/) obeyed because the energy lost by the system (i.e., the cu 
- -119 kJ/mol 


of tea) is gained by the surroundings. However, we neva 


c. AH CH,,(I) =-156 kJ mol! observe an amusing situation where a cup of tea at room 


d. AH^ of HLO) = -285.8 kl mol" wc becomes hot of its own. The first law will B 
€ obeyed in this reverse process when the surrounding 
e. AH" of CO,(g) - 393.5 kJ mor! lose energy and the system gains it. But it never happens. 1 
16. Find AH of the process: other words, the cooling of a hot body in a room preces 
NaOH(s) —> NaOH(g) spontaneously but not its heating, though both the process 

Given: 


are in accordance with the first law of thermodynamics. 

A gas expands to fill the space available to it. However 
does not contract to a smaller volume of its own. 

Au. H^ of O—H = 465 kJ mol-! H b Hs a drop of ink in a beaker containing water. the ^ 
. eads spo : cing the 
Aa. H^ of Na—O = 255 kJ mol! á pontaneously throughout the beaker making ) 
^ H ^ of NaOH = whole solution coloured. But we have never seen the reve 
soln = NaUH = —46 kJ mol process where the dispersed ink spontaneously accumulat 
A, H~of NaOH(s) = 427 kJ mol! to form a drop of ink. 
AH ^ of Na(s) = 109 kJ mof! b. The first law of thermodyn 
Information about the extent 
EMAIL ANS WER BE M UNE place. For ex 
Subjective Type heat c 
1. 108.7 kJ mol! 


Au. H Oof O, = 151 kJ mol! 
AasH - of H, = 435 kJ mol! 


amics does not gives 3™ - 
to which the change takë | 
ample, it its practically found that whole ° | | 
an never be converted into work. Thus, first law E 
to tell the extent to Which the interchange of heat into id 
and vice-versa is possible, 

The above examples show the į 
thermodynamics. The first 1 
OF spontaneity of a proces 


3. 150.0 kJ mol! — 4, 9408.34 kJ 


| 
| 
| 
| 2. 458.66 kJ 


. wW ot 
5. -1315.5 kcal nsufficiency of first law 


aw does not determine the feasibill? | 
5. The spontaneity or feasibility " 


DD ~ 


Ww m "A NX 
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c a chemical process is decided by the second law of 


ica e . b 
phy”  gynamics. Let us first understand what do we mean by 


herm cous reaction or change. 
eous 


17 SPONTANEOUS PROCESS 
OR SPONTANEITY 


our daily life. we come across many natural processes which 
Ls on their own in one direction only. For example, water flows 
È n the hill without the help of external agency but water cannot 
» up the hill on its own. Similarly, a glass of hot water placed 
; the room gradually cools and attains room temperature. The 
ass of water cannot becomes hot on its own. It can, however, be 


el : 
hot by the use of external agency, i.e., some heating device. 


nade 
such processes are called spontaneous processes. 

Thus. the spontaneous process may be defined as an 
reversible process. A process that can take place by itself under 
the given set of conditions once it has been initiated, if necessary, 
issaid to be a spontaneous process. In other words, a spontaneous 
process is à Process that can occur without work being done 
anit. The spontaneous processes are also called feasible or probable 
"esses. It may be noted that the term spontaneous should not be 
taken to mean that the process occurs instantaneously. It simply 
predicts that the process has natural tendency to occur. The actual 
rate of the process may vary from very slow to extremely fast. 

There are also some processes which require some initiation 
before thev can proceed. But once initiated, they proceed by 
themselves. These processes are also regarded as spontaneous 
processes. Thus, the spontaneous process may be of two types: 

à. Spontaneous processes where no initiation is needed. 
i Sugar dissolves in water and forms a solution. 
Sugar + Water ——> Solution of sugar in water 
ii, Water keeps on evaporating from ponds, rivers, sea, and 
open vessels. 
H,O(1) —9 H,O(g) 
iii. Nitric oxide (NO) and oxygen react to form nitrogen 
dioxide. 
N ek 2)+ Og) — AINE DE 
neous processes where some initiation Is required. 
i. Once a reaction between hydrogen and oxygen is 
initiated by passing electric spark through it, then it 
occurs itse]f spontaneously even at room temperature. 


2H (g) + O (g) ~S* >  2H;0() 


T spar 
" n domestic oven, coal (carbon) keeps on burning once 

initiated, 

C(s) + O(g) ignition CO,(g) 
* Methane burns with oxygen once ignited. 

CH,(g) + O(g) — CO,(g) + 2H,00) 
* Heating of calcium carbonate to give calcium oxide and 
Carbon dioxide is initiated by heat. 
CaCO,(s) —» CaO(s) + CO,(g) 


From the above reactions, it can be concluded that the 
spontaneity (or feasibility) means the inherent tendency of a 
process to occur of its own in a particular direction under a given 
set of conditions. 

On the other hand, the processes that have no natural tendency 
to occur and are made to take place only by supplying energy 
continuously from outside the system are called non-spontaneous 
processes. In other words, non-spontaneous processes can be 
brought about by doing work. For example, a cup of tea can be 
made hot (reverse of natural process) by heating. But this is not 
a spontaneous process because an outside agency (a gas burner) 
has to be used. Similarly, a gas can be compressed to a smaller 
volume, an ink solution can be processed to obtain the ink drop. 
and a mixture of two gases can be separated if allowed to diffuse 
through a porous plug. 

However, in each case, work has to be done to accomplish 
these changes. They do not occur spontaneously. 

There is another important feature of the spontaneous 
changes. These spontaneous processes proceed till an equilibrium 
is achieved. For example, a cup of hot tea cools until it attains 
the temperature of the surroundings after which no change in 
temperature is observed. We say that the cup of tea and the 
surroundings are in thermal equilibrium. Similarly, mixing of 
two gases continue until each is evenly distributed throughout 
both the containers. Thus, all spontaneous changes proceed till 
equilibrium is achieved. 


6.12.1 SPONTANEITY OF A PROCESS AND 
ENTHALPY CHANGE 


Spontaneous processes have the potential to occur in a particular 
direction under given set of conditions. This indicates that there 
must be some kind of driving force which is responsible to drag 
the spontaneous process in a forward direction. Let us consider 
some spontaneous processes in order to study the nature of this 
driving force. For example, falling of a ball from top of table to 
the ground; flowing of water from higher level to lower level. 
We know that the ball or water possesses more potential 
energy at higher level than at lower level. This suggests that 
these spontaneous processes which involve macroscopic objects 
proceed by decrease of energy. Moreover, the state of low est 
energy corresponds to the state of maximum stability. Therefore, 
the natural tendency of all systems in this universe to go from 
unstability to stability supports the fact that any process which 
involves a decrease in energy should have an inherent tendency 
to take place. : 
Most of the spontaneous chemical reactions are also found to 
be exothermic. l'or example: 
C(s) + Og) 
N. (g) ! pr) 
IQ)! Y 0) 
Similurly, octane burns spontaneously in oxygen to give 
carbon dioxide and water and a lot of heat is evolved. 
2C4H,40) + 250,Q) —> 16CO g) + 18H,0(I) 
Octane AH 10951.3 KJ mol! 


^ CO QA 
> INE (ge); AZ 
^ OWN: AX 


394 KJ mol ! 
92.4 kJ mol! 


2835.7 kJ mol! 
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accompanied by decrease of energy (exothermic reactions, having or more random state. 
negative value of AH) occur spontaneously. In other words, the In other words, nature tends to move spontaneously from 
sign of AH may be taken as a criterion for the spontaneity of a a state of lower probability to one of higher probabilities, i.e. 
process and decrease of enthalpy, i.e., — AH may be regarded as things tend to change from organised to disorganised. To illustrate 
the driving force behind the spontaneous processes. what this statement means, we consider a spontaneous process of 
intermixing of two inert gases for which AH is zero. Two different 
6.12.2 LIMITATIONS OF CRITERION OF DECREASE inert gases, let us say helium (He) and neon (Ne), are originally 
contained in different glass bulbs, separated by a stopcock fs 
ERAN shown in Fig. 6.15. To make the system as closed one, the entire 
The criterion of decrease in enthalpy for the feasibility of chemical system is perfectly insulated. 
reactions fails to explain the following facts: When the valve is opened, the intermixing of the two inert 
a. Endothermic reactions are also known to occur nm Mud rcs Fs a aa Be eal nk 
spontaneously. There are a number of endothermic change during inteemibting is negligible. The process of interning 
reactions (AH, positive) which are known to be spontaneous. 


is a spontaneous process. If the process is examined critically, 
it is observed that when the valve is opened, both the gases are 
provided larger volume to occupy, i.e., each gas achieves its own 
endothermic process but it is spontaneous in nature. most probable distribution independent a the sent of other 
: = = as. In other words, each gas occupies a large volume in the final 

HO) => Xe): ane uk and, thereby, irs of possible locations for the molecules 

of each gas is increased. This means that there is more disorder 
or randomness on mixing. Thus, the gases mix to achieve more 
NH,CKs) —> NH,®(aq) + Cl@(aq); randomness. Once mixed the gases cannot separate because to do 
AH? = 415.1 kJ mot! so they will involve decrease in randomness due to lesser volume. 

` Thus, it may be concluded that the process proceeds spontaneously 

in a direction in which the randomness or disorder of the system 


A few examples of such processes are given below: 


i. Evaporation of water from an open container is an 


ii. Dissolution of ammonium chloride in water is 
endothermic but occurs spontaneously. 


iii. Decomposition of mercuric oxide on heating 


1 increases. 
HgO(s) —> Hga) + 508); Thus, mixing of two gases is a spontaneous process. On the 
AH? = +90.3 kJ mol! other hand, once mixed the gases cannot separate on their own 
: and therefore it is a non-spontaneous process. 
b. Reactions do not go to completion. Most of the reactions 


do not go to completion even though AH remains negative 
throughout. In fact, all spontaneous chemical reactions 
proceed only until an equilibrium is attained. 


c. Reversible reactions also occur. Most of the reactions are 
reversible in nature. In these reactions both the forward and 
the backward reactions occur simultaneously. For example, 
in the following reaction, the forward reaction is exothermic 
but the backward reaction is endothermic : 


H (2) + L(g) —9 2HI(g); AH = -ve 


2HI(g) —9 H,(g) + L(g); AH = +ve Fig. 6.15 Process of mixing of two gases. Gases mix spontaneous — | 
But both the reactions occur. This means that reactions because of increases in randomness | 
with negative value of AH as well as positive value of AH 
are occurring simultaneously. Jt may be concluded that the 
tendency to have minimum energy, i.e., -AH, may be the 
criterion for a process to be spontaneous but it cannot be 
the only or sole criterion. 


After mixing 


Thus, the second factor which is responsible for the spontan 
of a process is the tendency to acquire maximum mndomne" - 
On the basis of second factor, we may also explain ai 
spontaneity of endothermic processes. 
a. Decomposition of calcium carbonate: 
CaCO,(s) —> CaO(s) + CO,(3 
l AH = +178.3 KI M 
This process is spontaneous because the gaseous "" 
produced is more random than solid calcium carbonat? 
b. Evaporation of water: „j mo! | 
HOU —9o H,O(g); AH = + aii 


l 
mol 


6.12.3 RANDOMNESS OR DISORDER AND 
SPONTANEITY 


In order to find out some other factors which may be responsible for 
the feasibility of the above process (A// 2 0), a careful study of all 
the above process reveals another important aspect associated with 


———— 
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; L— gaseous state of a substance is more random than the 


T . 
5 liquid state. Thus, the evaporation of water is spontaneous 


which proceeds in the direction of more randomness. 
simil arly, fusion of ice is also spontaneous because the process 
| 4 proceeds in the direction of more random state, i.e., liquid 
a ie is more random in comparison to solid state. 
sta 
_H,0(s) —> H;0(D; AH = +6.06 kJ mol! 
" pissolution of NH, Cl in water: 
NH,Cl(s) + aq —> NH,°(aq) + Cl°(aq); 
AH = +15.1 kJ mol! 
When solid NH, Cl(s) is dissolved in water, its ions become 
“free. Free ions move randomly in all directions. Thus, the solution 
js a more random state as compared to solid NH,CI. Thus, the 
rocess of dissolution will be spontaneous because randomness 
increases on dissolution. 
- Thus, we find that in all the above endothermic processes, 
there is always increase in randomness. Since the above reactions 
- gre spontaneous, the tendency to achieve maximum randomness 
- is another factor which determines the spontaneity of a process. 
- Driving force as the overall tendency for a process 


We have learnt that the spontaneous processes occur because of 
the two tendencies : 


a. Tendency of a system to acquire a state of minimum energy. 


b. Tendency of a system to acquire a state of maximum 
randomness. 


| The overall tendency for a process to take place by itself is 
- called the driving force. 


Regarding these two tendencies it is very important to keep 
in mind the following points: 


a. The two tendencies act independent of each other. 


b. The two tendencies may work in the same or in opposite 
directions in a process. 


Thus, when there is no change in energy the second tendency 
is the governing factor i.e., reaction will be spontaneous or non- 
= spontaneous depending upon whether randomness factor favours 
oropposes. On the other hand, if there is no change in randomness, 
the energy factor is the controlling factor. However, when both the 
tendencies operate simultaneously. In these cases, the significance 
of fhe magnitude of these tendencies become important. Thus, 
the tendency with the greater magnitude determines whether the 
process is feasible or not. 


6.13 ENTROPY 


The degree of randomness or disorder in a system may be 

expressed by a thermodynamic property known as entropy. Entropy 

may be defined as: the property of a system measures the degree 

of disorder or randomness in the system. 

- It is expressed by the symbol, S. Entropy, like internal energy 

gicohupy, isa state function and an extensive property. The 
Be in entropy during the process 18 represented by AS, Thus, 
AS = S(final state) — S(initial state) 

and for the chemical reactions 

AS = S( product) — S(reactants) 


Mathematical definition of entropy 


The entropy change of a system may be defined as the integral 
of all the terms involving heat exchanged (q) divided by the 
absolute temperature (7) during each infinitesimally small change 
of the process carried out reversibly at constant temperature 
(isothermally). 


or AS = (i) 


Ifheat is absorbed, then AS is positive (increase in entropy). If 
heat is evolved, AS is negative (decrease in entropy). The value of 
AS, like AU and AH, is a definite quantity and depends on the initial 
and final states of the system. It is independent of the manner is 
which the change has been brought about, i.e., whether the change 
has been brought about reversibly or irreversibly. 

Units of entropy and entropy change: Since entropy change 
is expressed as heat term divided by temperature, the units of 
entropy are calories per degree, i.e., cal K-!. In SI units, the 
entropy change is expressed in terms of joules per degree, i.e., J 
K-!. Entropy is an extensive property, i.e., it depends on the mass 
ofthe substance; hence units of entropy are expressed as cal deg ^ 
(cal K-! mol!) or J deg ! mol (J K^! mol !). 

Physical meaning of entropy 

The physical meaning of entropy is that entropy is a measure 
of degree of disorder (or randomness) of a system. The relation 
between entropy and disorder provides a suitable explanation for 
entropy change in various processes. The greater the disorder m a 
system, the higher is the entropy. For a substance the solid state is 
the state of lowest entropy, the gaseous state is the state of highest 
entropy and the liquid state is intermediate between the two. 

Figure 6.16 shows the increase in entropy from solid to liquid 
to gas. 


Liquid 


Gas 


Fig. 6.16 Randomness or entropy increases 


In any physical or chemical process in which the system 
passes from less random state to more random state, the entropy 
(s) increases and the value of entropy change (AS) will be positive. 


6.13.1 ENTROPY CHANGE AND SPONTANEITY 


In an isolated system, such as mixing ot gases, there is no exchange 
of energy or matter between the system and the surroundings. 
However, the mixing of gases is accompanied by randomness, Le. 
there is increase in entropy, Therefore, it can be stated that for a 
spontaneous process in an isolated system, the change in entropy 
is positive, ie., AS > 0. l 
However, if a system is not isolated, the entropy changes 
of both the system and the surroundings are to be taken into 
account because the system and surroundings together constitute 
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the isolated system. Thus, the total entropy change (AS) Dur ing a spontaneous Lisa the acd ofthe Syste i 
is the sum of the change in entropy of the system (A,,,5) and the on increasing till the system attains the unies state, i 
change in the entropy of the surroundings (A, S), i.e., entropy of the system becomes maximum and, therefore, nq n | 
surr inerense in the f the system is possibl r 
B increase in the entropy of the sy p e. The mathem 
Astotais = Av t A ur condition for equilibrium is, real | 


TIME, | 
For a spontaneous process, A, , ,S must be positive, i.e., AS = 0 (at equilibrium for an isolated system) 
Aum ^ ASTA S> 0 


SYS SUIT If A 


total 


total) 18 Negative, the direct process 
ota 


is HOM-SPontanes,, | 
Aq) 18 also termed as A, oS. whereas the reverse process is spontaneous. 
isualisation of any non-isolated system can be shown as 
bebe cem rd i 6.13.2 CHARACTERISTICS OF ENTROPY 
a. Entropy The important characteristics of entropy are summed up beloy, 
(System) : 


í Entropy a. Entropy is an extensive property. Its value d 


(Surroundings) the amount of the substance present in the System. 
b. Entropy of a system is a state function. It depends Upon the 
Hen state variables (T, p, V, n). Thus, the change in entro, - 
System flow , PY is 
given as 
Surroundings AS — S nal state — S initial state 
b. Entropy | {}Entropy c. The change in entropy in going from one state to another 
(System) | || (Surroundings) independent of the path. 
| Heat d. The change in entropy for a cyclic process is always zero. 
flow e. The total entropy change of an isolated System is equa 
S'ürrüumdines to the entropy change of system and entropy change of 
ee the surroundings. The sum is called the entropy change oj 
c. Entropy | | Entropy universe. 
S di = 
(Surroundings) AS = A ys + Au E 
Heat f. In a reversible process, A niverse> ^ 0 and, therefore. 
flow A ys ra AgureS 
aan g. In a irreversible process, A miverseS E 0. This means that ther: 
d 8 I5 increase in entropy of universe in spontaneous changes. 
d. Entropy Entropy 
| (System) || (Surroundings) Notes: 
1. For a reversible process at equilibrium, AS = 0. 
Heat 2. For an irreversible process (spontaneous) in an isolated 
flow system, AS > 0. 
3. Entropy is a measure of unavailable energy. 
Surroundings ; 5 
Unavailable energy = Entropy x Temperature. 
C Ay 5 20 AS >0 4. The entropy of universe always increases in the course ot 
: SEEMS 
ase (a) A. $50 > Drotal every spontaneous (natural) process i.e., AS (universe) > 
surr 
5. Itappears that, during the stretching of rubber band entropy 
Case (b): AsygS <0 =A S»0o0r«0 increases while on hard boiling of egg, entropy decreases 
): AS. xd | total but actually the results are reverse. l 
During the stretching of rubber band, the long flexible 
A 0| H a macromolecules get uncoiled. The uncoiled arrangemen 
Case (c): A Se of = Aoars 7 0 or < has more specific geometry and more order M 
nid disorder). Thus, entropy decreases. On hard boiling 9' 
` ^ ` . e » 
A S< 0| egg, denaturation of proteins occurs in which protein 
Case (d); ” 


= Agr? <0 from helical form changes into random coiled form. Thus. 

Aun? <9 entropy increases, 

. Standard enthalpy of formation and standard free wae: 

of formation of an element is taken as zero but standar 

entropy of an element is not zero. 

. During adiabatic expansion of a real gas, enthalpy (bu 

not the internal energy) remains constant. It is therefore 
called isoenthalpic process. 


Clearly, Case (a) is always spontaneous since change in total ( 
entropy is always positive, i.e., total entropy is increasing. Case 
(b) and (c) may or may not be spontaneous. Case (d) is always 
non-spontaneous since change in total entropy is always negative, " 
i.e., total entropy is decreasing. 


~ 


^ > For organic compounds belon 
— series, enthalpy of combusti 


molecular mass, but calorifi 


ging to the same h 
On increases With 


€ value decreases. 
9, A metallic element with higher at 


. specific heat and vice versa (Dulo 


omologous 
increase in 


omic mass has lower 
| | ng and Petit’s Tule), 
jo. Spontaneous dissolution of Bases in liquids is an 


exothermic process. For such a Process, AS js always -y 
As such for the process to be Spontaneous (AG to be a 
AH has to be -ve i.e., process is exothermic. 

j1. A non-spontaneous process with either AH 
AS = +ve or AH = -ve and AS = 
of the reactants or products in gas 
spontaneous even without changi 
reaction can be made spontaneous 
also. 


6.14 SECOND LAW OF 
THERMODYNAMICS 


The second law of thermodynamics tells us whether a given process 
can occur spontaneously and to what extent. It also helps us to 


calculate the maximum fraction of heat that can be converted into 
work in a given process. 


= +ve and 
-Ve, with one or more 


eous state can be made 
ng temperature. Such a 
by changing the pressure 


The second law of thermodynamics like first law is a postulate 
and has not been derived from any prior concepts. It is stated in 


various forms. However, all the statements of second law possess 
same meaning. 


a. Clausius statement: ‘It is impossible to construct a machine 
that is able to convey heat by a cyclic process from a colder 


to a hotter body unless work is done on the machine by some 
outside agency.’ 


It means that work can always be completely converted into 
heat but heat cannot be converted completely into work 
Without leaving some permanent change in the system or 
surroundings. For example, heat produced in heat engine is 
never fully utilised, as part of it is always lost to surroundings 
or in overcoming friction, etc. Thus, it can be said that the 
complete conversion of heat into work is impossible without 
leaving some effect elsewhere. 


Or 


It is not possible to convert heat into work without 
compensation. 
Or 


All forms of energy can be converted into heat energy but 
heat cannot be converted into other forms of energy fully 
by any process. 

The other similar statements are: 


- Thomson statement: The heat of the coldest body among 


those participating in a cyclic process cannot serve as a 
Source of work. 


e 


- Kelvin-Planck statement: It is impossible by means of 
inanimate máterial agency to derive mechanical work or 
effort from any portion of matter by cooling it below the 
temperature of the coldest of the surrounding objects. 
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d. It is impossible to construct a heat engine of 100% thermal 


efficiency, 


The connection between entr 
a reaction or a process is 
thermodynamics in a num 


Opy and the spontaneity of 

expressed by the second law of 

ber of ways, 

f. All spontaneous processes or n 
are thermodynamically irrever 
external agency, 


aturally occurring processes 
sible. Without the help of an 
à Spontaneous process cannot be reversed. 
g. The entropy of the universe increases in a spontaneous 
process and remains unchanged in an equilibrium process. 
The main ideas ofthe first and the second] 


aw ofthermodynamics 
may be summarised as: 


The first law states that the energy of the universe ís constant 
Whereas the second law states that the entropy of the universe is 
continuously increasing and tends to a maximum. 

The first law deals with the conservation of energy whereas 
the second law tells the direction of flow of energy. 

For a reversible process, 


dS = P ordg - T ds 


For an irreversible process, 


This is the mathematical statement of the second law of 
thermodynamics. 


6.14.1 ENTROPY AND EQUILIBRIUM STATE 


During a spontaneous process, the entropy of the system goes 
on increasing. When the system reaches the equilibrium state, 
the entropy of the system becomes maximum and, therefore, 
no more increase in the entropy of the system is possible. Thus, 
the condition for any system to achieve equilibrium state is that 
its entropy becomes maximum. The mathematical condition for 
entropy (S) to be maximum is that the change in entropy (AS) is 
Zero, 1.e., 
AS = 0 at (equilibrium) 


Let us apply the entropy criterion to decide the feasibility of 
the process of conversion of water to ice, at 1 atm pressure, 
H,0(1) —> H,O(s) 


The entropy changes for three different temperature 272, 273, 
and 274 K are given in Table 6.7. 
a. At272K 
A otað = Ayes + Aus 


= 21.85 + 21.93 = 40.08 J K~! mol! 


Since A ps is positive at 272 K, the freezing of liquid water 


to ice is spontaneous. 


H4O(I) —o H,O(s) spontaneous at 272 K 


6.68 Physical Chemistry 


Table 6.7 Entropy changes for the transformation: 
H4O(l) —— H ,O(s) at 1 atm pressure 


| Temperature | 


"mm UE (IK mor | (J K”! mol- 7) g K^! mol) 


HE 


b. At274 K 
A ota = Au + Aga 


Sys surr 


= —22.13 + 22.05 = —0.08 J K^! mot! 


Since A ots is negative, the freezing of water is not 
otal 


spontaneous at 274 K. 
H,O(1) —9 H,O(s) non-spontaneous at 274 K 


But for the reverse process, A otas will be positive, i.e. T -— 


H,O(s) — H.O(l) spontaneous at 274 K 
C. At273K 


Av = Ays + Ay. pS = -21.99 + 21.99 =0 


Since Apts is zero, the process is at equilibrium i.e., neither 
freezing nor melting is spontaneous. At this temperature, 
water and ice are in equilibrium and no net change is 


Observed. 
H,0() ——À H,O(s) Equilibrium at 273 K 


Thus, we observe A,,, S is a criterion for spontaneity of a 


change. 


6.14.2 CALCULATION OF CHANGES IN ENTROPY 


a. Entropy change in reversible process: Consider an 
isothermal reversible process. In this process, let the system 
absorb q amount of heat from surroundings at temperature 


T. The increase in the entropy of the system will be 


TP. d 
Nd 


On the other hand, surroundings lose the same amount of 
heat at the same temperature. The decrease in the entropy 


of the surroundings will 


T i 
Acus = T 


Total change in entropy of the process 


=entropy change in system + entropy change in surrounding 


A otas = Aye T A curi? 


22.4.9 


To calculate A yg for a reversible process, proceed as 


follows: 


dg, 
As per definition: AS = ee 
T = A rev 
or TdS- dU + (-dw) 


[From the first law of thermodynamics] 
or TdS- nC,dT + P dV [dU = nC, dT and dw = -P dV] 


S 
= 0.08 JK! moll, i.e., melting is spontaneous at 274 K. 


. Entropy change in an isobaric process (at constant press 


nRT dV 
or TdS - nC,dT + y LE 
V 
queen ut 2 pt ay 
T V 
Integrating the above equation with appropriate lim; 
get mits, v 
> V. 
A S =n, In 2.4 gR In 2 | 
T, AT, FV Py | 
Or AS = nC, ae "BT ENG *j 
l 2 
T. P 
AS nC, In 2 + nR In + nR In 2 
i T P, T, 


T. P 
Ag ee 


I. E 
A „S = nC, In 2 + nR In + 
Sys T, P, 


--(1i)[Cp = C+ R 


. Entropy change for an isothermal process 


AU=q+w 
AU=0 (Isothermal process) 
=> q=-w 


V. V, 
But w= —2.303nRT log Y or —nRT ln — 
1 I 

[From first law of thermodynamics’ 


y, 
=> q-2.303nRT log > = nRT ln a 
l 1 


or for a reversible process 


V. V, 
Grey = 2.303nRT log A =nRT In 7 
V. 
nRT ln — 03nRT log = 
gad A. | 
Sys T T - 


V, 
AS = nR In rm = 2.303nR iene “2 


l l 


l 
Also V M (Boyle's law) 


Substituting this relation in above equation, we get 


= | AS = 2.303nR log a =nR ln £ 


ure! 


dS = dd ovp) 


also dq» 7 dH 

. 4| antop: 
But dH = C, dT, substituting for relationship with entre 
we pet, 
=> df= C,dT/T 
Integrating both sides | 


forn moles: 


I T 
AS = nC, In T = 2.303nC, log x 
| 
4, Entropy change for Isochoric process (AV =0) 


Od pev(P) 
dS = S Also dq (cvy (VY) =dU 


[From first law of thermodynamics] 
But dU = Cp dT 


= Integration both sides with proper limit, we get 


AS- C, [I T]? - C, "EH 


T, 
AS = 2.303C, log 2| = | C, n £ 
Tj E 


For n moles: 


L 
AS = nC, ln = = 2.303nC,, log L 
T T 


e Entropy change in adiabatic process (q = 0) 
When the reversible process is adiabatic, there will be 
no heat exchange between system and surroundings, i.e., 


g=0 
Ago = 0, AS = 0 
Aga = AySt A,» = 0 
f. Entropy change in irreversible processes 


Consider a system at higher temperature 7, and its 
surroundings at lower temperature 7,. q amount of heat 
8065 irreversibly from system to surroundings. 


q 

AS ENSE n 
A nS =+4 
T, 


-4,4 izh 
n T mn 
Bat T Tp 
T - T, =-+4ye 
iU 
= Picea >0 
H 


e ; ; 
nce, entropy increases in an irreversible process. 


i 
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Table 6.8 A s? and A, urs for some of the famous type of 
processes in thermodynamics 


Reversible 
Isothermal 


Irreversible 
Isothermal 


Reversible 
Adiabatic 


Irreversible 70 


Adiabatic 


Reversible 
Isobaric 


Reversible 
Isochoric 


6.14.3 ENTROPY CHANGE DURING PHASE 
TRANSITIONS 


Solid, liquid, and gas are the three forms of a matter. The change 
of a substance from one form to another is known as phase 
transformation. Such changes occur at definite temperatures and 
are accompanied by entropy change. During these transformations 
either heat is absorbed or evolved, i.e., the entropy either increases 
or decreases accordingly. 


The entropy change for these transformations is given by 
AS rang = 2E 


trans T 


where q,,, is the heat absorbed or evolved and T is the temperature 
of transition. q,,, is actually the molar enthalpy change of the 
substance. 

a. Entropy of fusion: It may be defined as the entropy change 
when | mol of the solid substance changes into liquid form 
at its melting point. For example, when ice melts as: 

Water(s) =  Water(l) 
The change in entropy is given by 
Anus? b 
S an eA 


water ice [us E: 


where Apti is the enthalpy of fusion and T,, is the fusion 


temperature. 


For example, the standard enthalpy of fusion, AHO at 
273 K and | bar pressure for water is 6.0 kJ mol- p 


H,O(s) —> H,O(1); 
Ap HO = 6.0 kJ mol! 


As Ə = drev = A 
IS T T 
_ 60 x10* Jmol! 
" 273K 


= 21.98 J K`! mol! 

b. Entropy of vaporisation: Entropy of vaporisation may be 
defined as the entropy change when 1 mol ofa liquid changes 
into vapours at its boiling point. The entropy of vaporisation 
for a liquid at its boiling point is: 

Ə_ Batt j 
A ap Un 
where Ai is the standard enthalpy of vaporisation and 
T, is the boiling point. 
For example, standard enthalpy of vaporisation at 373 K (at 
1 bar) is 40.79 kJ mol". 
H,O(l) —> H,O(v); 
Regie = 40.79 kJ mol! 
ee AupH 
i A ap a T 
_ 40.79 x 10 J mol! 
E 373 K 
= 109.356 J K^! mol! 

c. Entropy of sublimation: Sublimation is a direct 
conversion ofa solid into its vapour. Entropy of sublimation 
may be defined as the entropy change when 1 mol of 
a solid changes into vapour at a particular temperature. The 
entropy of sublimation at a particular temperature is 


where A „pH is the standard enthalpy of sublimation at the 
temperature T(A H^ =A, H° + Blt). 


QUESTIONS BASED ON IInd LAW OF 
THERMODYNAMICS 


Helium weighing 16 g is expanded from 1 atm to one-tenth of 
its original pressure at 30°C. Calculate the change in entropy 
assuming it to be an ideal gas. 


‘Sol. Since the process is an isothermal expansion of an ideal gas. 


Asca os om dni. 
h P, 


AS = (4 mol) x (8.314 J K^! mol!) x 2.303 log "ng 
1/10 


= 76.59 JK! 


Calculate the entropy change when 2 mol of an ideal gas expand 
isothermally and reversibly from an initial volume of 2 dm} t 
20 dm? at 300 K. 


Sol. ) For an isothermal process, 


AS = nR m 
4 
V=2 dm’, V, = 20 dm’, n = 2 mol, R = 8.314 J K-! mgr 


3 
+. AS= (2 mol) x (8.314 IK mol) x 2.303 og 204m" 
2 dm 


= 38.294 JK. 


Three moles of an ideal gas (C, „= 12.5 J K- mol) are at 
300 K and 5 dm’. If the gas is heated to 320 K and the volume 
changed to 10 dm?, calculate the entropy change. 


I. The entropy changes as a function of T and V is 
) 

n 

AS = (3 mol) x (12.5 J K-! mot) x 2.303 


AS = nC, » In 2+ nR In 
l 


320 i 10 
log Zgo * G mol) x (8.314 J K- mot) x 2.303 log — 


=2.42 J K`! + 17.29 J K! = 19.71 JK! 


Determine the entropy change for the reaction given below: 
2H,(g) He Os(g) ane 2H,O(1) 


at 300 K. If standard entropies of H,(g), O,(g), and H,O() are 
126.6, 201.20, and 68.0 J K^! mor", respectively. 


oi As,....,., = ES 


Product 


Y Sneactonts 
72*Suo-[2* Sy * So] 
=2 x 68 — [2 x 126.6 + 201.20] 


AS = 3184 J K^! 


eaction _ 


LATA ORR fran ek 
(= Maye m Ae 
€ Md u7 "T 


1 mole of an ideal gas at 25°C is subjected to expand reversibly 
10 times of its initial volume. Calculate the change in entropy 
of expansions. 


V. 
2.303nRT logi, y 
| Sol, ) We have, AS = 212. ~ "1 

T T 


Given, n = 1, R =8.314 J, T= 298 K, V, = V, V, 7 10 V 


107 im 
AS = 2.303 x 1 x 8.314 logo 777 = 19.15 JK mol 


4 
— 


22303 x m x Cp x log 
pf P T 


10 360 
= 7,303 x 4200 log — = 
2.303 x 1000 o 300 7.65 J 


5 mol of an ideal gas expands reversibly from a volume of 
g dm’ to 80 dm? at a temperature of 27°C. Calculate the 
change in entropy. 


"E 


a. 70.26 T K^ b. 80.55 JK" 
c 95.73 J K7 107511, JK" 
ji. Which of the following processes is an iso-entropic process? 
a. Isothermal process b. Adiabatic process 
c. Isobaric process d. Isochoric process 


Le. Entropy change (AS) = 2.303nR log-2 
1 


= 2.303 x 5 x 8.314 x log 
=95.73 J K! 


Qov - =0 (Q,,, = 0, in adiabatic process) 


Calculate the entropy change when 1 mole of an ideal gas expands 
eversibly from an initial volume of 2 L to a final volume of 
WL at 25°C. 


From the given data in the problem, we can write: 
AS, — nR In d 
^ 

= 2.303 nR logy, V/V; 

= 2.303 x 1 x 8314 x logy, 20/2 

= 2303 x 8.314 x 1 = 19.5 Jmol! K^ 


: Calculate the change in entropy for the following re 


EL 2CO(g) + 0,(g) — 2COX8) 
Iven; 


action 


| l S° colg) = 197.6 J K- mol! 
og) = 205.03 J K^! mol" 
L Sog) = 213.6 JK! mol” 
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SO ASO= X(S?y(products) — X(S ")(reactants) 


= (2 x S co (8) -2x Peg t $6] 
= (213.6 * 2) - (2 x 197.6 + 205.03) 
= 427.2 — 600.23 = -173.03 J K-! mol! 


Calculate the entropy change (AS) when | mol of ice at 0°C is 
converted into water at 0°C. Heat of fusion of ice at 0°C is 1436 


cal per mol. 


Sol. | Entropy change (AS) for the change of state of a substance 
is given by dividing the heat change by the absolute 
_temperature at which the change takes place reversibly, i.e., 
at the melting point in this case. 
1436 


Hence, AS = frev — ~~ = 526 cal deg ! mol 
T 237 


Predict the sign of AS for each of the following process: 
a. O.(g) — 20(g) 
b. N,(g) + 3H,(g) — 2NH,(g) 
e. C(s) + IO() — CO(g) + H,(g) 
d. Br,(1) — Br,(g) 
e. N,(g, 10 atm) —> N,(g, 1 atm) 
f. Desalination of water 
g. Devitrification of glass 
h. Hard boiling of an egg 
i. C(s, graphite) —> C(s, diamond) 
j. Stretching of rubber 


a. tve = increase in the number of gas molecules 

b. —ve = Decrease in the number of molecules 

c. ^ve = Increase in the number of moles 

d. +ve = Increase in the number of moles 

e. +ve = Entropy increases on expansion 

f. -ve = Desalination is the opposite of solution 

g. —ve = It is crystallisation of supercooled liquid 

h. +ve = Denaturation of protein takes place. Structure ot 
protein change (3° to 1°) from helical structure of random 
configuration. 

i. -ve = Diamond being harder solid, would be expected to 
have more restricted atomic motion within the crystal. 

j. During the stretching of rubber band the long flexible 
macromolecules gests uncoiled, hence more order 


AS = -ve 


i. Atabsolute zero the entropy of a perfect crystal is zero. This 
statement corresponds to which law of thermodynamics? 


a. First law b. Second law 
c. Third law d. None 
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ii. The units of entropy are 


a. J K- mol! b. K J"! mol! 
C. kJ mol! d. J K^! mol 
GRD a. i. c. Third law 
ii. a. AS = d -JK^ mor! 


TRA TION 6.11 5 


I. For which re 


action from thc following, AS will be 
maximum? 


a. Ca(s) 4 lO) ———. CaO(s) 
b. CaCO,(s) —» CaO(s) + CO,(g) 
€. C(s) + 02) —, CO, (g) 
d. N4(g) + O5(g) —, 2NO(g) 
Il. For which of these processes is the value of AS negative? 
i. Sugar is dissolved in water. 
ii. Steam condenses on a surface. 
iii. C aCO, is decomposed into CaO and CO,. 
a. i only b. ii only 
c. ii and iii only d. ii and iii only 

HI. In which of the following change entropy decreases? 

a. Crystallisation of sucrose from solution 
b. Dissolving sucrose in water 
c. Melting of ice 
d. Vaporisation of camphor 
Which halogen in its standard st 
entropy per mole ? 


a. F,(g) b. CL(g) 


IV. ate has the greatest absolute 


c. Br, (1) d. L (s) 


I. b. AS=Sp—S, 
AS=2-—1 = 1 (*ve) 


II. b. In condensation water, vapour converts to liquid water, 


II. a. Sucrose converts from liquid to solid state. 
IV. b. 


a a 

6.15 ABSOLUTE ENTROPIES AND 
THIRD LAW OF 
THERMODYNAMICS 
ENVOI T INAMICS 


(NERNST’S LAW 


a. The third law of thermodynamics deals with the entropies 
of the perfect crystalline substances at absolute zero of 
temperature. According to the third law of thermodynamics: 

At absolute zero, the entropy of a perfectly crystalline 
substance is taken as zero. 
Other statements of the third law of thermodynamics are: 


Statement 1: ‘Entropy of a solid or liquid approaches 
zero at the absolute zero of temperature.’ 


i ed as 
In can be mathematically expressed 
hm, S — 0 l 
T>0 . l - N 
TP ble by any me NO matte, 
ent 2: ‘It is impossi 
| ernie it is, to reduce the temperature of any System 
eine absolute zero in a finite number of operation, 


J ; first formulated by German chemist 
ne Nea 1906. Since entropy is deed “i disorder 
therefore, according to the third law, at " solu e > there 
is least disorder i.e., there is perfect order B : b. m 
the entropy at perfect order is taken as zero. It m A be noted 
that this law is true only for those substances w ich exist 
in the perfectly crystalline form at 0 K. i dad if there 
are imperfections of any type in the perfect stalling 
arrangement at 0 K, then the entropy will be larger than 
zero. Such entropy for imperfect crystalline arrangement 
at 0 K is known as residual entropy. 


- Application of the third law of thermodynamics 


The third law of thermodynamics has been useful in 
calculating the absolute entropies of solids, liquids, and 
gases at different temperatures. Moreover, this law is also 


useful to calculate entropy changes of a chemical or physical 
process. 


c. Calculation of Entropy at different temperature: 


i. For a solid at TK 
T 
E pal 
0 


Sp-Sy=AS= | T = Cpln T=2.303 Cy log T 


where 5, and S, are the entropies at T K and 0 K 


respectively and Sg 7 0 (according to third law of 
thermodynamics). 


The value of integral can be calculated from the graph 
of C,/T against 


curve between 0 
and, thus, the val 


mole of the Substance is 
is called standard molar 


standard states, It may be expressed as: 


Aene pi of the standard | 
i entropies of products 
Sum of the standard 
7 jes of ud 
or AS? = Lge (products) — YS"(reactants) 
orAS? =V S © (products) — XVS,? (reactants) 


D m 
where d and V. are Stoichiometric coefficients for 
products and reactant, respectively, 
For example, in a general reaction - 
aA + bB —> cC + qp 
AS A = [cs9 (C) + dmS? (D) 


[as © (A) + bS,,° (B)] 


SP ERPEESS COSY 


“ee STE ESS eet es 
b PERSI SREE TSA 
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jiquids and gases, the absolute entro 
: ‘or i i i 
^q, F" ature T is given by the expression 


> 


Py at a given 


- aem " 
AH, 1h 
“opt. E Ly | epar 
S7 T T, n T 
0 


+ Step + [Poar 
T, 7, T 
etie various terms have usual significance. 
a pc noted that this law is true only for the substances 
h exist in perfect crystalline form at 0 K. However, if 
i are imperfections at 0 K, then entropy will be larger 


| should 


i imitations © 

'. galssy solids even at 0 K has entropy greater than zero. 
solids having mixtures of isotopes do not have zero 
` entropy at 0 K. For example, entropy of solid chlorine 
is not zero at 0 K. 

Crystals of CO, N,O, NO, H,O, etc. do not have perfect 


jii. 1 . 
order even at 0 K thus their entropy is not equal to zero. 


predict in which of the following, entropy increases/decreases: 
;, A liquid crystallizes into a solid. 


i, Temperature of a crystalline solid is raised from 0 K to 
115 K. 

ji. 2NaHCO,(s) > Na,CO,(s) + CO,(g) + H5O(g) 

iv. H,(g) > 2H(g) 


i, After freezing, the molecules attain an ordered state and 
therefore, entropy decreases. 

ii. At 0 K, the constituent particles are static and entropy is 
minimum. If temperature is raised to 115 K, these begin 
to move and oscillate about their equilibrium positions 
in the lattice and system becomes more disordered, 
therefore, entropy increases. 

iii. Reactant, NaHCO, is a solid and it has low entropy. 
Among products there are one solid and two gases. 
Therefore, the products represent a condition of higher 
entropy. 

- Here one molecule gives two atoms i.e., number of 
Particles increases leading to more disordered state. Two 
moles of H atoms have higher entropy than one mole of 
dihydrogen molecule. 


Misrsi eri 


For Oxidation Df ror. 
ge 4Fe(s) + 30,(g) — 2F,0,(s) 
Dy change is 549.4 JK-! mol"! at 298 K. Inspite of 
; ative entropy change of this reaction, why is the reaction 
Pontaneous? 
r H^ for this reaction is —1648 x 10? J mol!) 
(NCERT Problem 6.10) 


: te mE i E "a l . 4 d y 
Sol) One decides the spontaneity of a reaction by considering 
€ + AS) For calculating A$,,,, WE have to 
AS otal (A sys H surr ; M virus 
consider the hcat absorbed by the surrounding: om 

equal to -^ H^. At temperature T, entropy change o the 

A, 

surrounding is 


AS Ld (at constant pressure) 


un 
(1648 x 10" J mol ') 
^ 298K 

— 5530 JK ‘mol | 


Thus, total entropy change for this reaction 
A, Soui 230 JK-! mol"! + (-549.4 JK ! mol!) 
r ~ tota 
= 4980.6 JK ! mol! 
This shows that the above reaction is spontaneous. 


Consider the reaction for the dissolution of ammonium nitrate: 
NH,NO,(s) —? NH,®(aq) + NO,@(aq) 
AH = 429.8 kJ mol, AS = 108.0 J K-! mol. 
Calculate the change in entropy of the surroundings and predict 
whether the reaction is spontaneous or not at 259407 


I The reaction is endothermic, AH = 29.8 kJ mol! 


Entropy change in surroundings 


Ay ^ 298x 10? 


=— OJK! a 
298 100.0 J mo 


Au = 


A = 108.0 JK"! mot! 
Kao = A TA 97 108.0 — 100.0 
= 8.0 J K-! mol! 
There is increase in total entropy so ammonium nitrate 
dissolves spontaneously. 


I. Which of the following statement is false? 


a. The entropy of a substance in the liquid phase is lower 
than the entropy of the same substance in the gas phase 
b. Spontaneous reactions always occur very rapidly. 
c. AS for vaporisation of a solid is always positive. 
d. A spontaneous reaction in one direction is always non- 
spontaneous in the reversed direction. 
II. Considering entropy (S) as a thermodynamic parameter, 
the criterion for the spontaneity of any process is 
a. AS + A. > 0 b. A. .S — Aag > 0 
c. AS > 0 only d. A. 4 > 0 only 
III. A spontaneous process may be defined as: 
a. A process which is exothermic and evolves a lot of heat. 
b. A process which is slow and reversible, 
c. A process which takes place only in presence of a 
catalyst. 
d. A process that occurs without any input from the 
surroundinps. 
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IV. For the reversible process, the y 


al is give ` 
expression: ue of AS is given by the 


q 
a. “rev 
b. T- drev 


Gia X T d. doy- T 


Arotar® = AS +A S> 0 


surr 


. In thermodynamics, a process is called reversible when 
a. The surroundings and system change into each other. 
b. There is no boundary between System and surrounding. 
c. The surroundings are in equilibrium with the system. 


d. The system changes into surroundings spontaneously. 
III. For spontaneous process 


a. A, aS = 0 b. A uS 0 


C. A ota <0 d. None of these 

. Melting point of a solid is x K and its latent heat of fusion 
is 600 cal mol". The entropy change for fusion of 1 mol 
solid is 2 cal mol! K-!. The value of x will be 


a. 100K b. 200 K c. 300 K d. 400K 


III. b 


A ota = Ay i A 


= +ve for spontaneous process 

© 

IV. c. Anson — 
T. 


mp 


Y) 
E A fasion 


ILLUSTRATION 6.121. i 


I. The entropy of a crystalline substance a absolute zer 
basis of the third law of thermodynamics should ben the 
as aken 
a. 100 b. 50 
c. Zero | 
d. Different for different substance | 


II. The least random state of water system js 
a. Ice b. Liquid water 
c. Steam d. Randomness is same ; 
III. The value of entropy in the universe is Mal 
a. Constant 
c. Increasing 


b. Decreasing 

d. Zero 

IV. “A spontaneous change is always accom 
increase in entropy’. The entropy change re 
statement is 


Panied by an 
ferred to in this 


a. Avs b. A rivers 


ec ANS d. None of these 
V. Equilibrium mixture of ice and water is held | 


. . at Constant | 
pressure. On heating some ice melts. For the System 
a. Entropy increases b. Free energy increases 
c. Free energy decreases d. Entropy decreases 


II. a. Ice has solid structure and in ice water molecules x: 


closely packed to each other. 
IM. c. A... S>0. 


IV. b. A due 


V. a. On melting, ice converts into water. In liquid saz 
entropy increases. 


c. Zero 


QUESTIONS BASED ON lllrd LAW or 
THERMODYNAMICS 


change of state 


5 mol of O,(27°C, 1 atm)—> 5 mol of O, (1170,50 | 
Cp for O, = 6.95 cal deg! mol"! | 


= rev P Lx f? par 
ppm 


P 
= 5 x 1.987 x 2.303 log P3 


4 


| deg 
= 5x1987 x 2.303 log = =—16.0 cal 
TC to 


4 


) ju 
AS, = for the change of temperature from 
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n dT 

M57 nCp f; T 
390 
-5x 6.95 X 2.303 log 300 


_ 5 x 6.95 x 2.303 x 0.1139 


_9.12 cal deg” 


gpa 00.12 688 cal deg"! 


cu 
Le 


late ihe entropy change accomp-anying the following 
- of state. 
ors, 10°C, | atm}—> H,O(1, 10°C, 1 atm) 
for ice = 9 cal deg! mol! 
E H,0= 18 cal deg"! mol! 


ient heat of fusion of ice = 1440 cal mol"! at 0°C. 


The total process involves three stages and entropy change 
can be calculated for each stage as follows: 


[AS > For changing 1 mole of ice from —10°C, | atm to 
0°C. 1 atm] 


0 Cp 
AS, = E. nUT dT 


= nx Cp x 2.303 x log 2 
=] x 9 x 2.303 x 0.0162 
= 0.336 cal deg! mol"! 

AS, > For melting 1 mol of ice at 0?C will be as 


, 1440 = 2 
= Fev =- =5.25 cal deg ! mol | 


E i 273 
AS. => For heating 1 mol of H,O from 0°C to 10?C at 1 atm 


10 nC, 
as,= [, Par 
283 


= 1 x 18 x 2.303 log — 
273 


= 0.647 cal deg! mol"! 
AS = 0.336 + 5.276 + 0.647 
= 6.258 cal deg"! mol"! 


1. Pig Ae 
"d A 
Fo 


| A a 


I. How does entropy change with 
a. Increase in temperature 

" p ere in pressum? 

au CAE) entropy of the universe constant? 
is the value of change in entropy at equilibrium? 

d een vapour, liquid water, and ice in the order of 
g entropy. 

* Do you expect AS to be +ve, —ve, or zero for the reaction 


H,(g) + L(g) = 2HI(g) 


I. a. Entropy Increases with increase in temperature. 


LI L4 " 
b. Entropy increases with decrease of pressure (for gases). 


. No, entropy of the universe increases everyday. 
. At equilibrium, the change in entropy is zero, i.e., AS = 0 


(at equilibrium). 


. Ice < Liquid water < Water vapour 
J. AS should be negative because two different molecules 


(H, and I,) would have more randomness than two same 
molecules (HI). Therefore, AS decreases. 


Il. 


HI. 


IV. 


. Predict the entropy change (positive/negative) in the 


following: 

a. A liquid substance crystallises into a solid 

b. Temperature of a crystal is increased 

c. CaCO, (s) —> CaO(s) + O,(g) 

d. N,(g) (1 atm) —> N,(g) (0.5 atm) 

Arrange the following in the order of increasing entropy: 

a. 1 mol of H,O(s) at 0°C and 1 atm pressure 

b. 1 mol of H,O(s) at 0°C and | atm pressure 

c. 1 mol of HO(l) at 25°C and 1 atm pressure 

d. 1 mol of H,O(I) at 25°C and 0.8 atm pressure 

e. 1 mol of H,O(v) at 100°C and 1 atm pressure 

Predict the sign of entropy change for each of the following 

changes of state. 

a. Hg() —> Hegle) 

b. AgNO,(s) —> AgNO, (aq) 

c. L(g)—> L(s) 

d. C(graphite) ——> C(diamond) 

Which of the following processes are accompanied by 

increase of entropy: 

a. Dissolution of iodine in a solvent 

b. HCl is added to AgNO, and a precipitate of AgCl is 
obtained. 

c. A partition is removed to allow two gases to mix. 


. Place the following systems in order of increasing 


randomness: 
a. | mol of a gas X b. | mol of a solid X 


c. | mol of a liquid X 


. a. Entropy decreases; AS = -ve 


b. Entropy increases; AS = +ve 
c. Entropy increases; AS = +ve 
d. Entropy increases; AS = * ve 


~a<b<c<d<e 


a. AS = +ve because liquid changes to more disordered 
gascous state, 

b. AS = +ve because aqueous solution has more disorder 
than solid. 


m 
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€. AS = -ve because gas is changing to less disordered 
solid. 


d. AS = +ve because graphite has more disorder than 
diamond. 
IV. Increase of entropy: (a) and (c). 
V. Order of increasing randomness: 
| mol of solid X < 1 mol of liquid X « 1 mol of gas X. 


GONGEPT APPLICATION EXERCISE 6.4 


Subjective Type 
(Y. 30.0 KJ of heat is required to melt 1 mol of sodium 
chloride. The entropy change during melting is 


15.05 mol! K^. Calculate the melting point of sodium 
chloride. 


t 


- Calculate the change of entropy, A,S? at 298 K for the 
reaction in which urea is formed from NH, and CO,. 


2NH;(g) + CO,(g) — NH,CONH,(aq) + H,O(1) 

The standard entropies (J K~! mol’) are : 
NH,CONH, (aq) = 174.0, H,O(1) = 69.9 
NH,(g) = 192.3, CO,(g) = 213.7 

3. Calculate the entropy changes for the following reactions: 
a. 2CO(g) + O,(g) —> 2C0,(g) 
b. 2H,(g) + 0,(g) — 2H,O(1) 
Entropies of different compounds are: 
CO(g) = 197.6 JK mol, O,(g) = 205.03 J K-! mol! 
CO,(g) = 213.6 JK! mol, H,(g) = 130.6 J K-! mol! 
H,O(1) = 69.96 J K- mot. 

Objective Type 

4. The change in entropy of an ideal gas during reversible 
isothermal expansion is 
(1) Negative (2) Positive (3) Zero (4) Infinite 


5. The total entropy change for a system and its surroundings 
increases, if the process is 


(1) Reversible 
(3) Exothermic 


(2) Irreversible 

(4) Endothermic 

6. The free energy change for a reversible reaction at 
equilibrium is 
(1) Zero (2) Positive (3) Negative (4) None 

7. Which statement(s) is/are true? 
1. S“ values for all elements in their states are positive. 
2. S^ values for all aqueous ions are positive. 


3. AS" values for all spontaneous reactions are positive. 


(1) 1 only (2) 1 and 2 only 
(3) 2 and 3 only (4) All 
ANSWERS 


Subjective Type 
1. 2kJ 


2. 33544 J K! mol! 

3. a, 173.03 J K !, b. 32631 JK! 
Objective Type 

4. (2) 
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6.16 GIBBS ENERGY AND Gipps 
ENERGY CHANGE 


We have seen that for a system, it is the total entropy cha | 
ArotatS» Which decides the spontaneity of the process But : | 
of the chemical reactions fall into the category of either ze | 
systems or open systems. Therefore, for most of the die | 
reactions there are changes in both enthalpy and entropy, Itis g | 
from the discussion in previous sections that neither decrease, 
enthalpy nor increase in entropy alone can determine the diri | 
of spontaneous change for these systems. | 

For this purpose. We define a new thermodynamic functio | 
the Gibbs energy or Gibbs function, G. 

The Gibbs energy of a system is defined as the maximun 
amount of energy available to a system during a process that cay 
be converted into useful work. 


| 
| 
| 


In other words, it is a thermodynamic quantity which js ; 
measure of capacity of a system to do useful work. It is denoted 
by symbol G and is given by 

G=H-TS 
where H is the enthalpy of the system, S is its entropy, and Tis | 
the absolute temperature. Gibbs energy is also called as Gibts 
function. 

G is an extensive property and a state function. 

The change in Gibbs energy for the system, AC canh 
written as 


Ay = Ag H TTA, S—S, AT 


Sys 
At constant temperature, AT = 0 
AA A UH = TAS l 
Usually the subscript ‘system’ is dropped and we simply wrt 
this equation as 
AG = AH-TAS 
Thus, Gibbs energy change = Enthalpy change -Tempen 
x Entropy change, and is referred to as the Gibbs equation. | 
This equation is also called Gibbs-Helmholtz equation 2^ ` 
very useful in predicting the spontaneity of a process. 
Units of AG 


i i ; ; as olent 
Dimensionally, if we analyse we see that AG has the units i i 
(i.e., kJ mol or J mol!) because both AH and T AS enetyy 


AG(J mol!) = AH(J mol!) — T AS(kJ K ! mol ') 


6.16.1 PHYSICAL SIGNIFICANCE OF GIBBS FREE 
ENERGY CHANGE (FREE ENERGY AND 
USEFUL WORK) 


According to the first law of thermodynamics, 
. . am 
AU = q — w (-ve sign as the work is done by syst¢! 


MU | 


| the heat absorbed by the system and w 
yt ale while AU is the change in internal energy. The 
) actually includes two types of work, i.e., Weoxpansio (Or P 

nd Wpon-expansion ie Mii Hip "ia Spes of works sans 
y stood by taking an example of the electrolysis of water 
"m. d (g) and O,(g) leading to an increase in the volume of 
i QE The work non-expansion (non-mechanical) is done 
il ilie decomposition of water while the work expansion 
nical) is due to expansion in the volume of the system. 
he electrical work is called non-pressure-volume work or 
asion work or non-mechanical work. The non-expansion 


is the work done 


ys. t 


QA known as useful work. Thus, 
ork * 
i AU=47 Wexpansion _ Wnon-expansion (11) 
-q-7 PAV- V'non-expansion C Wexpansion =p AV) 
org = AU* PAV + V'non-expansion .. (lii) 


We know that AU + P AV = AH 


or g = AH + Whon-expansion (iv) 
According to the second law of thermodynamics, for a 
aversible change taking place at constant temperature, T 
Iv 


ol drev ~ TAS aV) 
Substituting in equation (iv) 

TAS= AH + Wnon-expansion ...(vi) 
or AH - TAS = ^ Wnon-expansion 

AG 7 s -expansion (= AH - TAS- AG) 
-AG EW oreas Vaeni work (vii) 


Thus, the decrease in Gibbs free energy is a measure of useful 
work or non-expansion work done by the system. The greater the 
$c energy change, the greater is the amount of work that can be 
tained from the process. 


Let us take the following two conditions: 

4. When useful work is done by system 
Wiseful ^ —ve value 
= AG — —ve value as AG = w, seful 
For any chemical reaction, AG — G p- Gg 
= C rodis ~ Cretan: min i 

‘i G product < Greactions Therefore, we can conclude that 

L The Capacity to do useful work by product is less than 
the Capacity to do useful work by reactant. 


il. The product is more stable than the reactant. 


Hence, according to the second law of thermodynamics, the 
2s is a spontaneous process as every substance wants 
0 be in the state of maximum stability. 


OW ; 
hen work is done on the system 
w = 
useful ^ *tve value 


2 AG = +ye 


5> 
Gp? C, as G,— Gp = *ve. Hence, we conclude that 
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i. The capacity to do uscful work by product is more than 
the capacity to do useful work by reactant. 


ii. The reactant is more stable than the product. 


— The process is non-spontancous according to the second 
law of thermodynamics. 


6.16.2 FREE ENERGY CHANGE AND SPONTANEITY 
Let us consider a system which is not isolated from its surroundings. 
In this case, total entropy change can be calculated as: 
Avotat® = Avs T A an est) 
Let us consider the process at constant temperature and 


pressure. Let q, be the amount of heat to be given by the system 
to the surroundings. 
(dp)sur = (4 p)sys = =A Jt 
A g- Pun. LA m 
sur — T T x 


From equations (i) and (ii), 


H 
u _ “sys 
Arotal® — Ass 
Or TA P PAGS A SH 
or — TA DT A ult —T Ay 


According to Gibbs—Helmholtz equation, 
AG = AH—- T AS 
ZA LOT A USE S ...(1v) 
From equation (iii) and (iv), 
Ay. C =. A totats 
We know that for spontaneous process, A otas > 0. 
.. AG — —ve for spontaneous process 


Thus, for spontaneous process T A, 
AG should be negative. 


our? Should be positive or 


Case I: Let entropy and energy, both factors are favourable 
for a process, i.e., AH = -ve and T AS = +ve 
From AG = AH - TAS = (-ve) - (+ve) =—ve 
Thus, AG = -ve for spontaneous process. 
Case II: Let both energy and entropy factors oppose a process, 
i.e., AH =+ve, TAS = +ve 
From AG = AH- TAS = (tve) - (-ve) = +ve 
Thus, AG is positive for a non-spontaneous process. 
Case III: Let both tendencies be equal in magnitude but 
opposite, i.c., 
AH = +ve and T AS = +ve and AH = TAS 
From AG = AH - TAS —0 
In this condition, the process is said to be at equilibrium. 


These conditions are summed up in Table 6.9. 
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Table 6.9. Conditions for spontaneous processes, i.e., AG negative 


AH T AS Magnitude of 


the tendencies 


~ (Favourable) EE" (Favourable) Any magnitude 
|— (Favourable) - (Unfavourable) | AH > TAS 
(+ (Unfavourable) | + (Favourable) T AS > AH 


Effect of Temperature on Feasibility of a Process 

As is evident from the equation: AG = AH — T AS; the term T AS 
may assume larger values at higher temperatures due to increase 
in multiplying factor T as well as increase in randomness. But 
the other factor AH does not vary appreciably with temperature. 
Therefore, the Gibbs energy change (overall tendency) of a process 
to take place is also influenced by the temperature. The effect of 
temperature is different for the exothermic and the endothermic 
reactions as discussed below. 


a. Exothermic reactions: For exothermic reactions, AH 


is always negative, and therefore, it is favourable. Now 

T AS can have either positive or negative value. 

i. If T AS is positive, i.e., favourable, then AG can have 
only negative value and the process is spontaneous at 
all temperatures. 

For example, in combustion of carbon at 298 K 


C(graphite) + O,(g) — CO,(g); 
A H® = -393.5 kJ mol! 
The entropy of reaction, A,S? = 0.0029 kJ mol"! so that 
A,G- = —393.5 - 298(0.0029) 
= 394.36 kJ mol! 


In this case, A,G* is always negative and therefore, the 
reaction is always spontaneous. 


ii. If T AS is negative i.e., unfavourable. The value of 
AG will be negative only if AH > T AS. This fact will 
be more predominant at lower temperatures which 
makes the contribution of T AS (opposing factor) less. 
When temperature is very high, -T AS will have large 
magnitude and AG will be positive and as such the 
process may not be spontaneous. But as the temperature 
is lowered, then the 7 AS value decreases so that 
its unfavourable influence is reduced. At very low 
temperature, the value of AH may become greater than 
the small valuc of 7 AS and thus, AG becomes negative 
and the process is spontaneous under these conditions. 
Hence, exothermic reactions are favoured by decreasing 
temperature. 

These reactions are also enthalpy driven. For example, 
in combustion of methane (CH,), the reaction is 
spontaneous because of large negative value of A// at 
298 K. 
CH,(g) + 20,(g) —> 2H,0(1) + CO,(g); 
A HP = -890.3 kJ mol ! 


^,S" for the reaction has been found to be 0.2439 
mol! K~! so that J 
A GO = -890.3 - 298 (-0.2430) 

= 817.89 kJ mol! 


This reaction is also spontaneous at 298 K, 


Thus, 

e An exothermic reaction which may be non. 
spontaneous at high temperature because of 
the unfavourable entropy factor may become 
spontaneous at low temperature. 


b. Endothermic reactions: For endothermic reactions, Ay, 
positive and always opposes the process. Now, 


i. If TAS is negative and oppose the process, the AG wij 
be positive and the process is always non-spontaneoys 


ii. On the other hand, when 7 AS is positive (favourable; 
the value of AG will be negative only when 
T AS > AH. This fact will be more predominant at 
high temperatures which makes the contribution of 
T AS (favouring factor) more. At low temperature, 
T AS has small value and therefore, AH may be greater 
than 7 AS. Under these conditions, AG may be positive 
and the reaction may not to be spontaneous at low 
temperature. As temperature increases, the term 7 AS 
increases while AH does not change appreciable. Hence. 
at high temperature, the magnitude of T AS will be quite 
large and will be more than AH so that AG becomes 
negative. This means that endotherm reactions are 
favoured by increasing temperature. 

Thus, 

e An endothermic reaction which may be nor 
spontaneous at low temperature because 
of unfavourable entropy factor may becom: 
spontaneous at high temperature. 

These results are summed up in Table 6.10. 

Table 6.10 Tendencies of reactions to occur in the forward 


direction and effect of temperature 


Behaviour 
5 Spontaneous 
—(atlow T) Spontaneous 
* (at high 7) Non-spontaneous 
P = - Non-spontaneous 


+ (at low T) Non-spontaneous 


- (at low 7) Spontaneous 


Exothermic — 


Endothermic 


Thus, the temperature plays an important role in 
the spontaneity of a reaction. A reaction may not sponta 
low temperature but it becomes spontaneous at high temper 
and vice versa. 


neous 4 


ature 


So 


Notes: 
3 Gibbs energy is a state function and is an extensive property 
` ince its value depends upon the quantity of the substance. 
7, During à spontaneous change the Gibbs energy 
decreases. 
3, Change in Gibbs energy represents the maximum useful 
work that can be obtained from the process. 


QUESTIONS BASED ON GIBBS FREE ENERGY (AG) 


Calculate A, G ^ for conversion of oxygen to ozone, 
3/2 O,(g) > O,(g) at 298 K 
ifK, for this conversion is 2.47 x 10-29. 


| We know A, G? = -2.303 RT log K, and R = 8.314 JK"! 
p 
mol! 
Therefore, 
A, G? =-2.303(8.314 J K^! mol!) 
x (298 K)(log 2.47 x 10-29) 
= 163000 J mol"! 


= 163 kJ mol! 


Find out the value of equilibrium constant for the following 
reaction at 298 K. 
2NH,(g) + CO,(g) = NH;CONH, (aq). + H,O) 
Standard Gibbs energy change, A,G? at the given temperature 
is 13.6 kJ mol! 


1 Boa. We know, log K = AGO 
2.303 RT 
E (-13.6 x 10° J mol”) 
2.303 (8.314 JK | mol’) (298 K) 
=238 
Hence K = antilog 2.38 = 2.4 x 10? 


- At 60°C, dinitrogen tetroxide is fifty percent dissociated. 


Calculate the standard free energy change at this temperature 
_ and at one atmosphere. 


q ED n,o) = 2NO,(g) 
| If N,O, is 50% dissociated, the mole fraction of both the 
substances is given by ` 

1-05. 2x05 
Momias "N07 71405 
1l, 
1.5 


0.5 
Pno, = 7z * latm, Po Ta" l atm. 


1.5 


6.79 


The equilibrium constant K, is given by 


2 
K (Pro) 2405 _ 
"^ Pwo, (5) (0.5) 
= 1.33 atm. 


Since 
A. G9--RT]In K, = —2.303 RT log k, 
A, G? = (-8.314 JK-! mol!) x (333 K) x (2.303) x 
(0.1239) 


= —763.8 kJ mol! 


Calculate AG? for the following reaction: 


CO(g) + Ü O,(g) —> CO,(g); AH? = -282.84 kJ 
Given, . 
S?co, = 213.8 J K! mot, SO coce) = 197.9 J K! mot, 
So, = 205.0 J K^! mol. 


"Sol. ) AS?- XS9(products) — XS*(reactants) 
l 
© © iS) 


= 213.8 — [197.9 + ; 205] ——86.6J K^ 


According to Gibbs-Helmholtz equation, 
AG9- AH? — T AS9 

= 282.84 — 298 x (-86.6 x 105) 

= —282.84 + 25.87 

= 257.033 kJ 


Show that the reaction 1 
CO(g) + (1/2)0,(g) —> CO,(g) 
at 300 K is spontaneous and exothermic, when the standard 
entropy change is —0.094 kJ mol"! K-!. The standard Gibbs 
free energies of formation for CO, and CO are —394.4 and 
—137.2 kJ mol!, respectively. 


| Sol. | The given reaction is, 
CO(g) + (1/2) O(g) —> CO,(g) 

AG©(for reaction) = Gc, - Geog - (1/2) G3, 
= 3944 - (-137.2) - 0 
-—257 kJ mol" 

AG? = AH? — T AS? 

—257.2 = AH? — 298 x (0.094) 

or AH? = —288.2 kJ 

AG? is —ve, hence the process is spontaneous, and AH® is 

also —ve, hence the process is also exothermic. 


A 


AH and AS for the reaction: 
Ag,O(s) —> 2Ag(s) + (1/2)0,(g) 

are 30.56 kJ mol"! and 66.0 J K^! mol! respectively. Calculate 

the temperature at which free energy change for the reaction will 

be zero. Predict whether the forward reaction will be favoured 

above or below this temperature. 


USO." We know that, AG = AH - TAS 
At equilibrium, AG = 0 
so that 0 = AH — TAS 


Given that AH = 30.56 kJ mol"! = 30560 J mol"! 
AS = 66.0 J K^! mol"! 


Above this temperature, AG will be negative and the process 
will be spontaneous in forward direction. 


combustion of methane using the given data: 
CH,(g) + 20,(g) —> CO,(g) + 2H,0(1) 


Species CH, O, CO, H,O 
A-H= (kJ mol!)  —74.8 — —393.5 —285.8 
S° (IK mol!) 186 205 214 70 
AH? = AH" (co, + 2A,H7q o, - AH? (e 
= 393.5 + 2 x (-285.8) — (74.8) 
——890 kJ mol"! 


AS? = S^ co,) + 25 44,0) = S? cu) = 289 
=214+2 x 70 — 186-2 x 205 
— 242 JK" mol! 
AG? = AH? — T AS? 
= —890 — 300 x (-242 x 103) 
= —890 + 72.6 = —817.4 kJ mol! 


L Which of the following statements is correct? 


a. AG is equal to AG? when the system is at the standard 
state. 


b. AG” is zero when the system is at equilibrium. 


c. AG measures how far the reaction is from equilibrium 
and how fast it is. 


d. When AG is positive, the reaction should proceed 
forward to form more product. 


(O,)sup 


II. A reaction will never be spontaneous at any temperature 
and pressure if 


a. AS = +ve, AH = +ve 
c. AS = —ve, AH = +ve 


b. AS = +ve, AH = -ve 
d. AS — —ve, AH = -ye 


III. Quick lime; (CaO) is produced by he 
(CaCO,) to drive off CO, gas. 


CaCO,(s) —> CaO(s) + CO,(g): 
AH? = 180 kJ mol! | A So 


Assuming that variation of enthalpy change 
change with temperature to be negligible, 
following is correct? 


ating lime. 
t 


~ 150 3, 
and entro 
a. Decomposition of CaCO, (s) is always non-s 


b. Decomposition of CaCO, (s) becomes spon 
temperature is less than 927°C. 


c. Decomposition of CaCO, (s) becomes spontane 
temperature is greater than 1200?C. 


d. Decomposition of CaCO,,(s) becomes spontan 
temperature is greater than 927?C, 


IV. AG? tells us: 
a. Whether a change is feasible or not. 


taneous when 


oug when 


€OUS when 


b. How far a reaction will proceed. 
c. About energy of activation. 


AG = AH-TAS 

When AS = —ve and AH = ve. AG will always be +vz 

Hence, reaction will be non-spontaneous. 

III. a. AH 70; AS7 0 — Reaction ‘may’ be non-spontaneous | 

at 25°C. | 

AG = AH — T AS= 180 — 298 x 150 x 10? | 
= 135.3>0 

= Non-spontaneous. 

To make it spontaneous (AG < 0), we have to increas 

the temperature. 


AH 180x10° ; 
F witch = AS 5p 200K =927 e 


IV. a. AG tells about feasibility of a reaction. 


I. Identify the correct statement for change of Gibbs ene 
for a system (A, G) at constant temperature and pressure 


a, if A ysG = 0, the system is still moving in a particu 
direction 

b. if Ays < 0, the process is not spontaneous | 

€. if A,,.G > 0, the process is spontaneous 

d. if A ys C 7 0, the system has attained equilibrium 

ion is 

II. Which of the following statement about above reaction 

wrong? 

a. Heat content of product is less than of reactants. 


b. For each mole of KBr(s) formed, 94.0 kcal of h 
lost. 


` ts. 
c. Entropy of the product is lower than that of reactan 


eat i5 


p" 


Thermodynamics 6.81 


4, Gibbs energy of product is probably lower than that of 


reactants at higher temperatures. 


ril TT Oe CPo goo - a 
ik | 
FC = CF 
; reaction (ring closure), AH = —49 kJ mol!, AS = 


r thi 
j^ 3 JK mol ' Up to what temperature is the forward reaction 
Aaneous? 
a 1492°C b. 1219°C . t. 946°C d. 1080°C 


j. d. At equilibrium, AG = 0. 


II. d. 
IJ. c For spontaneous process 


AG = AH - T AS (should be negative) 


—49 x 1000 
—40.2 


F> 


T> 1219 K, 


i.e., 946°C 


Sulphur exists in more than one solid form. The stable form 
ai room temperature is rhombic sulphur. But above room 
temperature the following reaction occurs. 
S(rhombic) ——> S(monoclinic) 
If AH* — 276.144 J at 298 K and 1 atm and AG? = 75.312 J 
a. Calculate AS* at 298 K. 


b. Assume that AH? and AS? do not vary significantly 
with temperature, calculate T - the temperature at which 
rhombic and monoclinic sulphur exist in equilibrium 
with each other. 


a. Since AG? = AH? — T AS? 


AH? — AG? 276.144 — 75.312 
— AS TL —— — e L——————— 
298 


T 
b. Under equilibrium condition, AG = 0 
= AH" — Td AS? =0 


E 


Soa _ 276.144 _ 4097K 
AS ^ 0.674 


C 
alculate the free energy change when | mol of NaCl is dissolved 
in water at 298 K. Given: 


a. Lattice energy of NaCl = —778 kJ mol ! 
b. Hydration energy of NaCl = —774.3 kJ mol ! 
€. Entropy change at 298 K = 43 J mol”! 


=0.674JK"! 


| Sol. ` AiG? aii 


A UP = io EET + Anya 
Na*(g) + CI&(g) —o NaCI(s); AH? = -778 kJ mol! 
or 
NaCl(s) —> Na®(g) + Cl°(g) 
AH, = 778 kJ mol! ...(i) 
Na®(g) + Cl?(g) + aq —> NaCl(aq) 
or 

Na®(aq) + Cl?(aq) 

AH, = ~774.3 KJ mol! ...(ii) 
To calculate A, ,7? 


sol 
NaCl(s) + aq —> Na®(aq) + Cl^(aq) 
AH? = AH, + AH, 
= 778 — 774.3 = 3.7 kJ mol! = 3700 J mot! 
AS = 43 J mol! 
NS AH? - TAS? = 


A69 = -9.114 kJ 


L ————— 


6.16.3 Standard Gibbs Free Energy (AG~) 


3700 — 298 x 43 = 9114 J 


Just like enthalpy and internal energy, we cannot determine 
absolute value of Gibbs free energy. The standard free energy 
change can be determined and it is defined as the free energy 
change for a process at 298 K and 1 atm pressure in which the 
reactants in their standard state are converted to products in their 
standard state. It is denoted as AG?; it can be related to standard 
enthalpy and entropy change in the following manner: 

AG? = AH? — T AS9 
where AH? and AS? represent the standard enthalpy change and 
standard entropy change during the process, respectively. 

Like that of AH©, AG? can be calculated from the standard 
free energies of formation of the products and the reactants. 

The standard free energy of formation (A,G°) may be defined 
as free energy change when | mol of a compound is formed from 
its constituent elements in their standard state. 

It may be noted that like the standard enthalpy of formation 
(AH ) of an element, the standard Gibbs energy of formation of 
an element in its standard state is assumed to be zero. 

Thus, standard Gibbs energy change of a reaction is, 

AG? = L,G (products) — E,G- (reactants) 


Sum of standard tree Sum of standard tree 

=| energies of formation | - | energies of formation 

of products of reactants 
Let us consider a general reaction: 

nA * mB — 

AG ' = X,G (products) - X,G (reactants) 


- LO (L) Fn G '(M)] - [nC (A) + ny,G (B)] 


— nL + n, M 


6.82 Physical Chemistry 


Will the reaction, 
Ls) + H5S(g) —> 2HI(g) + S(s) 
proceed spontaneously in the forward direction of 298 K 
A, G°HI(g) = 1.8 kJ mol"!, A ¢GH,S(g) = 33.8 kJ mol? 


== s G° (products) — x GG (reactants) 


= [2,G°HI(g) + ,G?S(s)] - [1 x ,G°I,(s) + ,G?H5S(g)] 
=[2 x 1.8 +0]- 


(—ve) value shows that the process is spontaneous in forward 
direction. 


[0 + 33.8] = -30.2 kJ 


The standard Gibbs free energies for the reaction at 1773 K are 
given below: 


C(s) + O,(g) —> CO,(g); 
AG? = -380 kJ mol"! 
2C(s)+ O(g) = 2CO(gy 
AG? = —500 kJ mol”! 
Discuss the possibility of reducing Al,O, and PbO with carbon 
at this temperature, 
4A] + 30,(g) —> 2A1,0,(s); 
AG? = -22500 kJ mol! 
2Pb + O,(g) —o 2PbO(s); 
AG? = —120 kJ mol"! 


‘Sol. | Let us consider reduction of Al,O, by carbon. 
2AL0, + 3C(s) —9 4Al(s) + 3CO,(g); 
AG? = —380 x 3 + (22500) = +21360 kJ mor"! 
2ALO, + 6C(s) —9 4Al(s) + 6CO(g); 
AG? = —500 x 3 + 22500 = +21000 kJ mol! 


Positive values of AG? shows that the reduction of ALO, 
is not possible by any of the above methods. 


Now, let us consider the reduction of PbO. 
2PbO(s) + C —> 2Pb + CO,; 
AG? = +120 + (-380) = -260 kJ mol! 
2PbO(s) + 2C —— 2Pb + 2CO; 
AG? = + 120 + (-500) = —380 kJ mor"! 


Negative value of AG” shows that the process is spontaneous 
and PbO can be reduced by carbon. 


In a fuel cell, methanol is used as fuel and oxygen gas is used as 
an oxidiser. The reaction is 


3 
CH,OH() + 7 0,(g) —> CO,(g) + 2H,0() 


Calculate standard Gibbs free energy change for the reaction 
can be converted into electrical work. If standard enth i hh 
combustion for methanol is —702 kJ mol"!, calculate the efficien = PY of 
of conversion of Gibbs energy into useful work. Ney 
A, G? for CO,, H,O, CH,OH, O; is -394.00, 237.09, 


-16 
ET 0 kJ mol! redpictively. 6.00, 


The reaction for combustion of methanol is: 
3 
CH,OH() + 7 O,(g) —> CO,(g) + 2H,0(1) 


A 


reaction 


G?- [A,G°CO,(g) + 2^, G^H,O(1)] 


= 9 3 5 
[ae CH,OH(/) + z A/G O(g) 


= [-394.0 + 2(-237.00) — [-166.00 + 0] 


= —702.00 kJ mol! | 
Efficiency of conversion of Gibbs free energy into usefy | 
work | 
© 
- A reaction X 100 _ — 702.00 x 100 _ 100% 
AST -702 


reaction 


6.16.4 COUPLED REACTIONS 


For the feasibility of a reaction, A,G must be negative. There are 
some reactions for which the value of A,G is not negative, and 
therefore, there reactions are not spontaneous. However, these 
reactions can be made spontaneous if these reactions are carried 
by coupling with some other reactions having very large negative 
Gibbs energy values so that the Gibbs energy for the two combined 
reactions become negative. These reactions are called coupling 
reactions and the Gibbs energy of the two combined reactions 
becomes negative. Let us consider the decomposition of iron 
oxide, Fe,O,, into iron as: 
2Fe,0,(s) —> 4Fe(s) + 30,(g) ~) 
Gibbs energy for this reaction, A,G® = +1487.0 kJ mot. 


The positive value of A,G? means that the reaction is not 
spontaneous. This reaction can be made spontaneous by coupling 
with a reaction having large negative AG, 


Let us consider another reaction: 
2CO(g) + 0,(g) —— 2CO,(g) jJ 
A,G® for the reaction is -514.4 kJ mol. 
In equation (i), 3 mol of O, is involved so that we can writ 
equation (ii) as: 
6CO(g) + 30,(g) —9 6CO,(g) 

A,G° =3 x (-514.4) = 1543.2 kJ mol! 

Let us combine equations (i) and (iii), we get 
2Fe,0,(s) —> 4Fe(s) + 30,(g) 

A,GO = +1487 ™ 


lil) 


r! 


6CO(g) + 30,(g) —> 6CO,(g) 
AG? = —1543. 2 kJ m? 


r 


of 2Fe,0,(s) + 6CO(g)—P 4Fe(s) + 6CO,(g) 
A .G° =-56.2 kJ mol"! 


The negative value of A .G° indicates that iron (III) oxide can 
reduced spontaneously to iron with carbon monoxide. During 
p metallurgy of iron, this reaction occurs in the lower part of the 


plast furnace where iron oxide is reduced to iron. 
The concept of coupling of two reactions is very useful in 


piological systems. 


In our body, many biological reactions occur which involve 
increase in Gibbs energy (AG = +ve). Therefore, these reactions 
may not be spontaneous. Adenosine triphosphate (ATP) is energy 
rich molecule. When ATP is hydrolysed in the presence of an 


enzyme it gives adenosine diphosphate (ADP) and a phosphate 


jon as: 
ATP + H,O —> ADP + Phosphate ion 


A G° =-31 kJ mor! 


This reaction 1s coupled with various other necessary reactions 
in biological systems which are otherwise not spontaneous. For 
example, the biosynthesis of sucrose from glucose and fructose has 
, AG? of +23 kJ mol". On coupling this reaction with hydrolysis 
of ATP, the reaction becomes spontaneous. 


Glucose + Fructose + ATP ——» Sucrose + ADP 
AGS = —8 kJ mor! 


Therefore, ATP is regarded as centre ofall activities of the cell. 


6.16.5 GIBBS FREE ENERGY CHANGE AND 
EQUILIBRIUM 


We know that for a chemical reaction to occur spontaneously, 
Gibbs energy change should be negative. 


Now let consider a chemical reaction A =B being carried in a 
closed vessel. As the reaction progress, the Gibbs energy decreases 
whether we start from reactants or products. The Gibbs energy of 
2 reaction mixtures varies with composition of the mixture i.e., 
Gibbs energy decreases and composition of reaction mixtures 
changes gradually. Finally, a stage reaches when composition of 
‘action mixture becomes constant and hence the ratio [B]/[A] 
Pevomes constant. This ratio is called equilibrium constant (Keq): 
‘His stage refers to equilibrium state. 

When we plot the Gibbs energy against its changing 
composition of reaction mixture with time, we get the curve 
ás shown in Fig. 6.17. The reaction tends to proceed towards 
the composition at the lowest point of curve because that is the 
direction of decreasing Gibbs energy. The composition at the 
lowest point of the curve corresponds to the minimum Gibbs 
“nergy. This corresponds to equilibrium. It is clear from the 

Sure that for a system at equilibrium, any change either in the 
forward reaction or reverse reaction would lead to increase in 
i. energy, In other words, when the system attains equilibrium, 

Change in forward to reverse direction is not spontaneous. 


Fig. 6.18 Relative amounts of reactants and products at equili 
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Fig. 6.17 The equilibrium composition of a reaction corresponds to 


minimum Gibbs energy change 


The following important generalisations can be made from 


the above figure: 


e When the Gibbs energy minimum lies very close to the 
products, the equilibrium composition strongly favours 
products. In other words, the reaction goes nearly to 
completion, i.e., Kij >> 1. This is shown in Fig. 6.18(a). 

e When the Gibbs energy minimum lies very close to the 
reactants, the equilibrium composition favours the reactants 
and the reaction forms only a small amount of products. 
In other words, the reaction does not proceed much i.e., 
Kaj << 1. This is shown in Fig. 6.18(b). 


| Equilibrium 
o mixture 

B 

o 

& 

[^] 

on 

Ne] 

2 

OQ 

Reactants Products 
(a) 


Gibbs energy, G ——» 


mixture 


Equilibrium | 


Reactants Products 


(b) | 
brium | 


e When the Gibbs energy minimum lies approximately halfway 
between the reactants and the products, both reactants and 
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products are present in almost equal concentrations at 
equilibrium i.e., K is close to 1. 
Relationship between standard free energy change (AG?) and 
equilibrium constant (K - 
Consider a reversible reaction, A + B => C + D. 

The Gibbs energy of reaction, AG is related to the composition 
of the reaction mixture and the standard reaction Gibbs energy, 
AG? as : 

AG = AG? * RTln Q 
where AG is the Gibbs energy change of the reaction and AG? 
is the difference in standard Gibbs energies of formation of the 
products and the reactants both in their standard states. Q is the 
[C]LD] 
[4][8] 
the value 8.314 J K^! mol. 

If the species are gases, these concentrations are expressed 
in partial pressures and the reaction quotient will be Q, and if the 
species are in solution, the reaction quotient will be expressed in 
terms of molar concentrations as Qç. 


. R is the gas constant having 


reaction quotient and Q = 


At equilibrium, Q = K and AG = 0 because the reaction mixture 
has no tendency to change in either direction. Therefore, the above 
equation becomes: 

0-AG* - RTIn K 

or AG- =-RT ln K 

or AG= = -2.303 RT log K 

The above equation may also be written as: 

K-2eAG RT 
or = 10-AG~/2.303RT 


This equation is very important in chemical thermodynamics 
because it gives relation between equilibrium constant for any 
process (physical or chemical) and standard Gibbs energy change. 
We can also conclude: 

K<1 when AG~ > 0 

K > | when AG” <0 

We also know that 

AG“ = AH- - TAG" - —RTIn K 


This also means that the equilibrium constant is related to AH? 
and AS". For strongly endothermic reactions, AH” may be large 
and positive. In such case, value of K will be much smaller than 
1. This means that the reaction is unlikely to form the products. 
In case of exothermic reactions, A/T- is large and negative and 
AG" is also large and negative. In such cases, K will be larger than 
1. Therefore, we generally expect strong exothermic reactions to 
have large K and hence these go to near completion. 


Relationship between free energy change and electrical work 
done in a cell 


Free energy change in electrochemical cells is related to the 
electrical work done in the cell. 
AG and emf ofthe cell (E) are related by the following relation: 
AG =-nFE 


where F = faraday = 96500 coulomb 
E = emf of the cell 


n= Number of electrons involved in b 


. : ala 
electrochemical reaction Need 


If the reactants and products are in their standard States " 

» "n 
AG? = — nFE9 
where E? = standard emf of the cell 


Notes: 

1. Gibb's energy criteria is better than entropy criteri, i 
determining the spontaneity. This is because the former 
refers to system only while the latter refers to both System 
and surroundings. 


2. AGO = -n FE? 
where n = number of moles of electrons, F = F araday and 
E? = standard e.m.f. 


3. AG? = 2.303 RT log K | 


where AG? = standard Gibb’s energy change and K - 
equilibrium constant 


4. The decrease in Gibb’s free energy is equal to useful work 
done. © 


5. (AG); p= TA Sui 
6. Standard Gibb’s energies of formation of all elementary 


substances are taken as zero. 


7. Flame temperature: It is the maximum temperature of flame 
zone which a system attains if the changes in the system 
are carried out under adiabatic conditions and at constant 
pressure. 


8. Absolute value of internal energy, enthalpy and free energy 
cannot be determined whereras absolute value of entropy 
of any substance in any state at any temperature can be 

determined. 


The emf of the cell reaction 
Zn(s) + Cu**(aq) —> Zn?*(ag) + Cu(s) 
is 1.1 V. Calculate the free energy change for the reaction. Ifthe 


enthalpy of the reaction is -216.7 kJ mol~!, calculate the ent" 
change for the reaction. 


ISD -AG^ = nx Fx EO -2 x 96500 1.1 = 2124 
AG" = 212,3 kJ mol"! 
AG" = AH? — T AS 


T 298 F 
7 0.01476 kJ K | mol lig -14.76 J Ko! mo! 


Calculate equilibrium constant for the following reaction: | 
Cu(s) + 2Ag9 (aq) => Cu?* (aq)  2Ag(9) ; | 
At 25?C, EY el 0.47 V, R = 8.314 J K^! mo, F = 96500 . | 


p 
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Ga Let us apply Nernst equation at equilibrium 


0.0591 
Ecc " ^n loB e 
0.0591 
0.47 = 5 logio K, 


; 0.47 x 2 
K.= antilog bo = 8.5 x 10!5 


The standard enthalpy and entropy changes for the reaction in 
equilibrium for the forward direction are given below: 


CO(g) + H5O(g) CO,(g) + H, (g) 
AH* OK = —41.16 kJ mol"! 


AS x99 x = 424 x 102 kJ mor! 
AH? 599 x = 732.93 kJ mor! 
ASO 509 K = 72-96 x 10? kJ mor 
Calculate K, at each temperature and predict the direction of 
reaction at 300 K and 1200 K, when Poo = Poo, = Py, = Pio 
- ] atm at initial state. 
[Sol At 300 K: AG? = AH? — T As? 
= 41.16 — 300 x (-4.24 x 102) 
— 28.44 kJ 


Since, AG? is negative, hence reaction is spontaneous in 
forward direction. 


AG- = 2.303RT log K " 
-28.44 = 2.303 x 8314 x 10? x 300 log, K, 
K, = $8.93 x 104 
At 1200 K: AG® = AH? — T AS© 
= —32.93 — 1200 (-2.96 x 102) 
= +2.59 kJ 


Positive value of AG® shows that the reaction is spontaneous 
in backward direction 


AG” =-2.303RT log, K, 


2.59 — 2.303 x 8.314 x 102 x 1200 log K, 
E 0.77 


"iusrRATIM 6.1.43 


Determine whether or not it is possible for sodium to reduce 
al 


uminium oxide to aluminium at 298 K. Also, calculate 
“gu 


ilibrium constant for this reaction at 298 K. 
4/G°ALO,(s) = 1582 kJ mol"! 
A/G^ Na,O(s) = -377.7 kJ mol"! 


The reaction is: 


ALO.(s) + 6Na(s) — 3Na,O(s) + 2Al(s) 
A,G°(Na,O) — A,G^(A1,0;) 


A G® = 


= 3 x 317.07) - (1582.0) = "ASIA k en x 

Hence, the reaction cannot OCCur, since AG® ig ni 

"t: ive 
A, G9 = 2.303RT log K 


= 45121 =-2.303 x 8314 x 193 


x 298 log K 
> log K, = -79.0 = Kq = 1.0 x 19-79 i 
For the reaction: 
N;O,(g) = 2NO,(g) 


Calculate A G of the system in a mixture of 5 


and 5 mol of NO,(g) at 298 K at a total 
the following data in kJ mol-!: 


A,G°(NO,, g) = 50; A-G°(N,O,, g) = 100 
| Sol. | We need to calculate AG. 
Use: A,G = A,G9 + RT In Q 


So, first calculate A G? using: 
A G9? = > G (Products) = b» G^ (Reactant) 


= > (A G° (Products) — XA © )(Reactants) 


[^ At standard conditions: G9 


mol of N,0,(g) 


pressure of 20 atm. Use 


co ds ~ A,G* ] 
mpoun f compound. 
72 x A,G*(NO,, g) - ^, G9(N,O,, g) 

=2 x 50-100=0 
and A,G= A,G? + RT In Q 


2 
= 0+ 8.314 x 298 In 2) = 5.70 kJ mol-1 


For the reaction: 


CO(g) + H,O(g8) = CO,(g) * H,(g) 
(A.A) 399 k = 41.2 kJ mor! 
(A.A) i200 x = —33.0 kJ mor! 
(AS) x = —4.2 x 10? kJ mot"! 
(A,S) i200 K = -3.0 x 10? kJ mor! 
Predict the direction of spontaneity of the reaction at 300 K and 
1200 K. Also calculate log, K, at 300 K and 1200 K. 
Using; AG =A, H- TA,S 
At 300 K: (A,G) x09 x = 41.2 - 300 x (74.2 x 102) 
= 28.6 kJ mor! 
At 1200 K: (A,G) 1209 x = -33.0 — 1200 x (-3.0 x 102) 
— —3 kJ mor! 
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Since AG is negative at 300 K and positive at 1200 K, 


reaction is spontaneous at 300 K and non-spontaneous at 
1200 K. 


Also, AG? - -RT In K, 


Since, AG is negative at 300 K and positive at 1200 K, 


reaction is spontaneous at 300 K and non-spontaneous at 
1200 K. 


Also A G^ = -RT In s 
Since A,G"' is not given, assume (A,G9) = (A,G)4oo k 
At 300 K: -28.6 = 8.314 x 103) x 300 In Ky 

— 4.98 


- 


eq)300 K 


— log (K 


Rane Sr ERTS -- 
TM xr MU 


the following reaction ifthe reaction 
mixture consists of ] atm of N,, 3 atm of H., and 1 atm of NH,. 


N,(g) + 3H,(g) W = 2NH,(g); A,G? = -33.32 kJ 


ISoL) N.(g) + 3H,(g) = 2NH,(g); A G9 = -33.32 kJ 
Using: AG = AG? + RTIn Q 
2 
P NH3 1? T 
PrP, 0x3 27" 


T= 298 K; R=8.314J mol! K-! 


where Q = 


l 
=> AG = -33.2 + (8314 x 103) x 298 x 2.303 lo8i9 7 
= -332-8.16 = 41.36 kJ mor! 


L Thermodynamic efficiency of a cell is given by: 


a. AH/AG b.-nFE/AG c. -nFE/AH  d.—nFEo 


IL The temperature dependence of equilibrium constant of a 

reaction is given by 
2059 — c - - 

In Ka = 4.8- EL Find A G^, AH, AS?. 


III. What is the sign of AG” and the value of K for an 
electrochemical cell for which E^ aj = 0.80 volt? 


AG- K 

a. — >] 
b. + >] 
& + <] 
d. - «] 
I. c. -nFE/AH 


2059 
II. Compare In K = 45- EN 


© © 
AS AJ 
with In K,, = R RT 
© 


AS 
We have: Em — 4.8 
=> A S° = 4.8 x 8314 J K^! = 399 JK-! 
li 


O 
ML = 2059 


= AH? = 2059 x 8.314 J K~! | 


-]7.12kJK"! | 


and A,G? = AH? - TAS? = 17.12 ~ 298 x 399. 
=S KIK] 


10-3 


III. a. We know that 
AG? = -4FE9 
When E? = 0.80 
Then AG? = -ve 


o 


- (AG?) | 
= antil = antilog (+ 
and K antilog { A“ RT) ~ antilog (+ve) 


AKI 


| : Nu: 
xm 


AH? and AS? for the reaction: 


Br (I) + CL(g) = 2BrCl(g) 
at 298 K are 29.3 kJ mol! and 104.1 JK“ mot!, respectivel 
Calculate the equilibrium constant for the reaction. 


(SGI) AG°= AHO - Taso 
= 29.3 x 103 — 298 x 104.) = —1721.8 J mot! 


log K = ME Oe = -— 17218 -. = 0.3018 
2.303 RT 2.303 x 8.314 x 298 
K=2.003 


Calculate the standard free energy change for the reaction: 
Zn + Cu?*(aq) —> Cu + Zn?*(aq), po = L10V 


| Sal. ) We know that 


AG? = -nEgo 

Zn + Cu?* —_, Cy + Zn? | 
n-2, E? « |.10 V, | 
F = 96500 C 


^ AG"- 2 x (96500 C) x (1.10 V) 


" 
7-212300] - 2123 kJ [y 


Pe ec — 


pt APPLICATION EXERCISE 6 


5 


wo TYPE 
| yi 1 e the Gibbs energy chan 
P^ calou! hloride at 25°C, 
I~ sodium © 
| 0 ice enthalpy = +777.0 kJ mol! 
| m of NaCl = -774.0 kJ mol! 
Hy 449 C = 40 J Ko! mol! 
Ma 


ge on dissolving one mole 


ing the following data, calculate th 
ing 


i e value of eq... 
1, pu for the following rea ction at 298 K quilibrium 
co" "- = 
SHC = CH sa Ce Hg) 
acct jè Benzene 


assuming ideal behaviour 
5 g 
A G? (HC = CH) = 2.09 x 195 J mor! 
GP (CHD = 124 x 105 J molt, 
j 


ge 83141 K^! mor! 


Can the reaction be recommended for 
penzene? 


the Synthesis of 


E 


aH =-270.6 kJ mol"! K-!; Ag = _139 J 


a, Is the reaction favoured by entropy, 
none? 


p. Find AG if T= 300 K. 


enthalpy both or 


Calculate free energy change for the reaction: 
H,(g) + Cl(g) —> 2H—CI(g) 
by using.the bond energy and entropy data. 


Bond energies of H—H, CI—CI, and H—Cl bonds are 
435, 240, and 430 kJ mol-!, respectively. Standard 
entropies of H5, CL, and HCI are 130.59, 222 95. and 
186.68 J K! mol", respectively. 


a 


. For the reaction, 
4C(graphite) + 5H,(g) —> nC 4H, ,(g); 
AH? = -124.73 kJ mol; AS? = -365.8 J K- mol"! 
4C(graphite) + 5H,(g) ——» iso-C 4H, ,(g) 
AH® = -131.6 kJ mol-!; AS? = -381.079 J K-! mol! 


Indicate whether normal butane can be spontaneously 
. converted to iso-butane or not. 


i92] 


6. A chemical reaction cannot occur at all its 


(1) AH value is positive and AS value is negative 


(2) AH value is negative and AS value is positive 
(3) AH and AS values are negative but AH > T AS 
(4) AH and AS values are positive but AH > T AS 
7. Calculate the standard free energy change for the reaction: 
b(g) + L(g) —> 2HI(g); AH? = 51.9 kJ mol! 
Given: S^(H.) = 130.6 J K-! mol", 


S9(L) = 116.7 J K-! mor! 
and S^ (HI) = -206.8 J K-! mol! 
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ANSWERS 
i AN 
ubjective Type 


1. -392 kJ mol! ^ 2. Can be recommended 


3. a. Favoured by enthalpy. b. 2289 kj 
4. -190.9 kJ 5. The process is spontaneous, 
6. (1) 7. — 2.641 kJ 


I 


2 mol of an ideal gas at 25°C is allow 
constant tem 


L by reducing the pressure slowly. Calculate the work done by 
the gas (w), AU, q, and AH. 


BD w =~2 303nRT log VV, 
log V/V, =log 10 L/2 L= log 5 = 0.6990 
T= 25°C +273 = 208K 


- w=-2.303 (2 mol) (8.3143 J mot! Ke") 
(298 K) (0.6990) 


Solved Examples 


ed to expand reversibly at 
perature (isothermally) from a volume of 2 I. to 10 


zT 
a. For an isothermal reversible change, AU=0 
b. AU=q + w=Oand q + (79771 J) =0; ¢q=7977.1 J 
€ AH - AU * APV — AU A(nRT) 


Since R and T are constants 


` AH=0+0=0 


71 g chlorine gas 1s allowed to expand freely into vacuum. 
Calculate w, q, AU, and AH. 


‘Sol. | Es = 0, w= Ta (V, V) = OV, E V) = 


As temperature is not given assume it as constant. 
~ AU=0, AU=q+w,q=0 
0=q+0 


AH -0 


rN 1 


Calculate the energy change in e 
cases: 
a. A system absorbs 5 kJ of heat and does 1 kJ of work. 


ach of the following 


b. 5 kJ of work is done on the system and 1 kJ of heat is 
given out by the system 


a. Here q= +5 kJ, w=+1 kJ 
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Therefore, according to the first law of thermodynamics 
AU=q-w=5-1=4kJ 
b. Here w=-5kJ,g=-1kJ 
Therefore, according to first law of thermodynamics 
AU-q-w--l -(-5)-24KJ 
i.e., the internal energy of the system increases by4kJ 


in each case. 


The heat of combustion of benzene in a bomb calorimeter (i.e. 
constant volume) was found to be 3263.9 kJ mol"! at 25°C. 
Calculate the heat of combustion of benzene at constant pressure. 


(Sol The reaction is 
! ] 
C.H) + 7 Qi 6CO,(g) + 3H,O(1) 
In this reaction, O, is the only gaseous reactant and CO, is 
the only gaseous product. 
] ] 

a An, = n, - hn. =6-1,-"- e 
Also, we are given 

AU = (or Gy) = 3263.9 kJ mol ! 


T= 25°C = 298 K; R= 8.314 JK! mol! 
o R= 8.314/1000 kJ K-! mor! 


AH (or qp) = AU + An, RT 
= 3263.9 + (-3/2) (8.314/1000) (298) 


3263.9- 3.7 = -3267.6 kJ mol! 


Calculate the enthalpy of combustion for the following reaction: 
2(HC=CH) + 50,—3 4CO, * 2H,O 


The bond energies of C—H, C=C, 0-0, C è 
bonds are 414, 812, 494, 707, and 463 kJ mol, respectively. 


Sum of bond energies of reactants 
= 4 x (C—H) + 2 x (C=C) + 5 x (O=0) 
24x414*2x812* 5 x 494 
= 1656 + 1624 + 2470 = 5750 kJ 
Sum of bond energies of products 
=(8 x (C=0)+4 x (0-H)=8 x 707 + 4 x 463 

= §656 + 1852 = 7508 kJ 

Enthalpy of combustion, 
AH = 5750 — 7508 = -1758 kJ 


What is the equilibrium constant, K for the following reaction 


at 400 K? 
2NOCKg) => 2NO(g) + Cl,(g) 


Given AH? = 77.2 kJ, AS? = 122 J K^! mor! 
O = A HE 
IRUD AG? = AH? - T AS? = 7200 J — 400 x 122 = 28400 J 


AG® = 2.303RT log K | 
28400 = -2.303 x 8.314 x 400 x log K 
log K = -3.7081 = 4.299 and K = 1.958 x 19-4 


Calculate AG® for the reaction: ER | 


CO(g) + 1/20,(g) —? CO,(g) 
Given: AH? =-282.8 KJ; AS? for CO», CO, O, are 213 
205 J K-! mol’ S19 
Ill 8° = 257, ZAS 
= [219.6 — 197.6 — 1/2 x 205] = -86.5 J K- 
Here AH? = 282.8 kJ (Given) = —282800 J K-! 
T—25 +273 = 298 K (at standard state) | 
AS? = -86.5 J K^! (Calculated above) 
~, AG2= AH? - TAS? 
— 282800 — 298 x (-86.5) 


16 


= 257023 J mol! = 257.023 kJ mol"! 


Since AG” is negative, hence the reaction is feasible 


The energy change due to the reaction 

2Na(s) + CL(g) — 2NaCl(s) is -826 kJ. 
The consumption of | mol of Cl, gas contracts the system b 
224 L at 1 atm. What is the enthalpy change of the reaction | 


ENB = P Av= | atm* 22.4 L = 224 L atm 


= 22.4 L-atm * 101.3J 
2227x109 2 227 kJ 
done on the system is to be subtracted from the 


The work 

energy change to get enthalpy change, 

AH = AU* PAV 

= 826 kJ + (-2.27 kJ) = —828.27 kJ 
UE LEA DIU GR ae 
From N atoms of an element A, when half the atoms transfer one 
electron to the another atom, 405 kJ mol! of energy was found to 
kJ mol! was further 


be consumed. An additional energy of 745 
rt all the 49 ions to A®. Calculate t 


ffinity of atom 4 in eV. 


he ionisation 


required to conve 
energy and the electron à 


SS N/2(4 — 49); IE (+); 


N/2(4 —> 49); EA C) 
4 i 
o1 ev. (IE 6x10 Ex 641" 0 
1.5 x10 2 2 

Now, N/2 (42 —9 A—> 4°) 
745 x 10° eV [E 5 EA n) . 
| up 0^ | (ii) 
eo x 6x10" - = x6 x10" j| 


2 
Solve for IE and EA using, equations (i) and (ii), W 


IE = 11.93 eV and EA = 3.52 eV 


e get 


¥ = 340k) = 3.52 ey 


ond met v=EA 

UU oe IB Solve from equati 

jd ‘ Solve trom equations 
1 = 405K). Gy ana (ii) 

Í , DAAN . 

|? — YN -1150KI - 11.91 ey 

| let o 

RE! 

| - 


DRS CLOSER 


t given below (all values are in keal mol at 25°C) 
I I anl ~ , 
thë da i energies of C—C and C —H bonds. 

eit " nus bone 

V a A e = À 

qa pustion) of ethane 372.0. 

V ape 

m (0t : 

L^ 

LV P pust 
Vd 


on) of propane = —530.0 

AH® for C(s) — Chg) = 172.0, 
w of H—H bond = 104.0 

ere 


ped p = 68.0; AH7 of CO,(g) — —94.0 


- energies are calculated from heat of formation ofa 
U 


me Now from the data given for heats of combustion 
a ethane and propane, we can calculate the 
fo 


heats of 
gormation of two compounds (C.H. and C.H 


g) as follows: 
For ethane: The equation for combustion of ethane: 


CH dg) + 7/208) —> 2C0,(g) + 3H,0(1) 


Acomb = -372.0 
from definition of AH? of reaction: 


AH? = AH? P AH? R 
The enthalpy of a compound is the enthalpy of formation 
of that compound at standard conditions (i e. AKH?). 
A a = [2A,H*(CO,) + 3A,H°(H,0)] — 
[A,H°(C,H,) - 7/2A,H°(O,)] 


[A ,H (07) = 0 (as enthalpy of formation of an element in 
standard state is taken as zero). 


= -312—2*(-94) * 35 (-68) — A,H*(C.H.) 

> A,H-(C Hg) = —20 kcal 

For propane: The equation for combustion of propane. 
C3H,(g) + 50,(g) — 3CO,(g) + 4H,,0(1) 


A oo H? = —530.0 


comb 


From definition of AH of a reaction; AH = H pH, 
AH = [34,H* (CO, )] + 4A ,H°(H,0)] 

-— [A,H*(C,H,)) ~ A,H*(O,)] 
> -530=3 x (-94)+ 4 x (68) — A,H°(C3H,) 
= A,H*(C,H,) — —24 kcal 


Calculation of bond energies: 
Let the energy of C—C bond = x kcal 
and the bond energy of C—H bond - y kcal 
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Bond breaking (AH): 
2[C(3) » C(gy, * 172] 
and AH, (g) > 2H(g). +104] 
= AH =2x 172+ 3x 104 = 654 
Bond formation (A//,): 
[C + C —oO C -C; x] 
and 6(C + H —> C-H; 
> AH, =-(x + 6y) 
=> A,H=H, +H, 
=> -20 = 654 — (x + 6y) 
=> (x + 6y) = 674 
For propane: heat of formation is given as 


3C(s) + 4H,(g) — C,H, ; A,H = -24 
Bond breaking (H,): 


4) 


3[C(s) — C(g): +172] 


AIH (g) — 2H (g): +104] 
H, =3 x 172 +4 x 104 = 932 
Bond formation (H,): 


and 


2[C + C —> C- C; x] 
8[C + H — C-H; y] 
=> AH, = (2x + 8y) 

> AH- AH,* AH, 

=> -24 = 932 — (2x + 8y) 

=> x+ 4y = 478 


and 


...(i) 
Solving equations (i) and (ii), we get x — 86 and y — 98 
Therefore, Bond energy of C—C bond = 86 kcal 

and C—H bond - 98 kcal. 


Calculate the enthalpy of formation (A,H ^) of NCL,(g) in terms 
of x, y & z. 


Given: 
i. NH; (e) + 3CL (5) > NCh, t 3BCl,, AH, =x 


ii. Ng + 3Hy > 2NH,, — AH,-y 
lil. Hyg) + Clo > 2 HCl 


AH. =z 


| 
| Sol, aint SCL, NCI, | AH =? 


AH = AH,+—~AH,—2 


RE M CL 
l 3 
—Xt—y—-—z 
2 3 
l 
=xX+ BV 3z) 


: i odi Calculate the energy required to excite one litre of hydrogen gas 
or ethane, heat of formation is given as: at | atm and 298 K to the first excited state of atomic hydrogen. 

| 2C(g) + 3H,(g) —> CH, A,H = 20 The energy for the dissociation of H—H bon 

| 


d is 436 kJ molt!. 
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oli Amount of hydrogen gas is 


PV (1 atm) (1L) 
M= RT (0.082 L atm K mol) (298 K) 
= 0.04092 mol 


hydrogen molecule 
t) 217.84 Kl 
two hydrogen atoms. 


Energy consumed in dissociating 


E,” (0.04092 mol) (436 K] mol 
olecule gives 


Since each hydrogen m | 
atoms will be 


the amount of hydrogen 
n, = 2n, 72* 0.04092 mol = 0,08184 mol 
i one mole of hydrogen atoms from 


Energy required to excite | | 
to the first excited state IS 


the ground electronic state 
T E aa s 
AE = NR, pop 4 


- (3) (6.023 x10 mot ") (109679 em) 
4 
(6.626 x 10^ J) x (3 x 105 cm s!) 


N ,Ryhe 


= 9848.5 J mol! 
For exciting 0.08184 m 
E, = (0.08184 mol) (9.8485 kJ mol-!) = 0.806 kJ 


Hence, the total energy required will be 
E-E,*E,- (17.84 + 0.806) kJ = 18.65 kJ 


ol of hydrogen atoms, we will have 


Predict that anhydrous AlCl, is covalent from the data given 
below. lonisation energy for Al = 5137 J mol; A, 4H for Ade 
= 4665 kJ mole™; A,,4H for CI? = -381 kJ mol!) 


D The total hydration energy of AB* and 3CI? ions is 
AH, yd -(-4665 + 3(-381)} kJ mol! = -5808 kJ mol! 
The energy released is more than that required for the 
ionisation of Al to AD* (which is 4665 kJ mol!) causing 
ionisation of AIC], solution. Thus, the compound AICI, 
becomes ionic in aqueous solution. 


The enthalpy change involved in the oxidation of glucose is 
2880 kJ mol~!. Twenty-five per cent of this energy is available 
for muscular work. If 100 kJ of muscular work is needed to walk 
one kilometre, what is the maximum distance that a person will 
be able to walk after eating 120 g of glucose. 


Ii. Molar mass of glucose (C,H,,O;) 
=(6712+12% 1+6 x 16)g mol! 
= 180 g mol! 
C,H,,0,(s) + 60,(g) —> 6CO,(g) + 6H,O(1) 
AH = -2880 kJ mol! 


Enthalpy consumed in muscular work = (2880 kJ) Es 


100 
- 720 kJ 
.. Mog 
180g zm 
= 0.6667 mol 


Amount of glucose in 120 g = 


Enthalpy availabl 


- (720 kJ mol"! ) (0.667 mol) = 480 kJ 


| (1km 
Distance to which a person can move = E) (480 Ky 


= 4.80 km 


ae 00 NR. 


vided 50 J of heat and work done on the System 


A system is prO rh 
is 10 J. What is the change in internal energy. 


rois q- 505; w= +10 J (work done on the system) 
AU-q*w-50* 10 > AU 7 60 J 


How much work can be done by 100 calories of heat? 


ED 1 cal = 4.184). 


100 cal = 418.4 J 
- Work done = 418.4 J 


The work done by a system is 8 J, when 40 J heat is supplied to 


it. Calculate the increase in internal energy of system. 


w2-8J;q740J 
From the first law; AU =q + W-40-8-732] 


Fest of reaction fof, - 
C,H,,0,(s) + 60,(8) — 6CO,(g) + 6H,0(v) 


at constant pressure is _651 kcal at 17°C. Calculate the heat of 


reaction at constant volume at 17°C. 


Given AH =—651 x 10? cal; R = 2 cal; 
Substituting all value in equation (1), we get 
T = 290 K; 
An=6+6-6=6 
= —651 x 103=AU+ 6 x 2 x 290 
and AU = —654480 cal or —654.48 kcal 
Note: For C.H,,0,(g) + 60,(g) —> 6CO,(g) + 6H,0(v) 


An = Number of products molecules - Number of reactants 


molecules (only in gaseous phase) = 6 + 6 — 6 = 6 


Here, H,O(v) is also in gaseous state. 


The heats of combustion of C,H,(g), C,H,(g), and H,(g) E 
1409.5, 1558.3, and 285.6 kJ, respectively. Calculate the heat 
of hydrogenation of ethylene. 


‘Sol, We have to find 
Gi CH) + H,(g) —>C,H,(g); AH = o 
iven, C,H,(g) + 30,(g) —>2CO,(g) + 2,048} 
AH = 1409.5 K ^ 
C6H,(g) + 7/20, (8) —>2CO,(g) + 3,0 
AH = 558.3 K Ë) 


e for muscular work from 120 g of glue 


3 AH = AU + AnRT a 


“SS 


H, + 1/2048) — Hog), 


- AH = -2856 
ding equations (i) and (iii) NS 
it (g) + 7/203(8) + H5(g) —+2¢69 
2 4 


(iii) 


XB) + 3H,0(p) 


M 7 -1695.1 kJ (iv) 
ation (iv) 


X8) — 2CO,(g) + 3H,0(g) 


AH = -1558.3 Kk] (v) 
2H,(8); AH = 1368 kJ 
-136.8 kJ 


gente "latc heat of formation of KOH(s) using the following 
c 


NU 
gations 


K(s) + H,O() + aq —> KOH(aq) + 


; i ii) from equ 
acting equation (ii) q 
subtr CjH,(g) + 7/20 


C,H, (8) T H,(g) —— C 
Heat of hydrogenation of C,H, = 


1/2 H50(g); 
AH = 48.0 kcal .. (i) 
H,(g) + 203(g) — H,0(): 


AH = —68.4 kcal ...(ii) 
KOH(s) + (aq) —> KOH(aq): 


AH = —14.0 kcal (iii) 
We have to evaluate AH for 


K(s) + /20,(g) + V2H,(g) — KOH(s); AH =? 
Adding equations (i) and (11), 


K(s) + H)O(I) + aq ——, KOH(aq) + 1/2H,(g) 


AH = —48.0 kcal 
H,(g) + V/20,(g) ——» H5O(l); 


AH = —68.4 kcal 
Ks) + 1/2H,(g) + 1/20,(g) + aq —> KOH (aq). 


AH = —116.4 kcal (iv) 
Subtracting equation (iii) from equation (iv) 


KOH(s) + ag — KOH (aq); 


AH = —102.4 kcal ...(v) 
-- — + 
K(s) + V2H;(g) + /20,(g) — KOH (s); 
3-102 4 kcal 


E A RE E TE ai — 
EU ALI RT| Fa ct argh TG LES UMS TA i$ 158 
ae 2 D P Lhe Tage oe re eg 15 ; 

AST ESTATES CLEVES, UT AA 

2 ; oF) 1 : j 


"'rareaction at 


and entropy change 
and -105 J mol! K^, respectively. Find 
n is spontaneous or not? 


- -11.7 x 10? J mor! 

-105 J moj! K! Te208 K 

G= AH - TAS 11700 — 298 x (-105) 
= 19590 J = 419.59 kJ 


25° C enthalpy change (AH) 
352-117 K J mof! 
d 


this reactio 


Since AG = +ve 


ĉtefore, reaction is not spontaneous. 


me the entropy change for the reaction 
v og) + O(g) — 2H,O() 


201 Standard entropies of H,(g), O,(g) and H,O(1) are 
70 and 68.0 J K^! mole! respectively. 


MSG AS(Reaction) = Xs(Product) XS(R 
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2 x 68 — [2 x 126.6 + 201.20] 
AS — .348&.4 J K ' mol |. 


Calculate the equilibrium constant fo 


r the reaction given below 
at 400 K, if AHO = 77.2 kJ mole! 


and AS” = 122 JK! mole, 
PCI (g) — 5 PCI (g) + ClL(g) 
WD un = 7721 mot! ; AS? = 122 J K-! mor! 
T=400 K 
AG? = AH? — T AS? 
AG® = 77200 — 400 » 1 22 = 28400 J 
Also we have, -AG^ = 2.303RT log K . 
where K is equilibrium constant 
- ~28400 = 2. 303 x 8.314 » 400 lo 


g K, 
K= 1.958 x 10-4 


A cylinder of gas is assumed to contain 11.2 kg of 
butane. If a normal family needs 20000 
per day for cooking, 


last? Given that the he 
2658 kJ mol!. 


kJ of energy 
how long will the cylinder 
at of combustion of butane is 


If the air supply of the burner is insufficient (ie. you 
have a yellow instead ofa blue flame), a portion of the 
gas escapes without combustion. Assuming that 3395 


of the gas is wasted due to this inefficiency, how long 
would the cylinder last? 


1 mol of butane, i.e.. C 4Hio (758 g) gives heat = 2658 
kJ 
^ 58 g of C,H o gives heat = 2658 kJ 
11.2 x 1000 g gives 
= 2658 x 11.2 x 1000 = 513268.96 kJ 
58 
^. 20000 kJ of heat is required for | day. 
^. 513268.96 KJ of heat is required for 
513268.96 
~ 20000 


= 25.66 days 


= 26 days 
33% of heat is Wasted, therefore, 67° 


o Of heat is 
utilised, 


S YAR 0 ; 
313268.96 x 67 = 343890 kJ 
100 


343890 
H =17.19 days 
20000 


= 17 days. 


<. Heat utilised = 


Number of days = 


The energy released in the neutralisation of H,SO, and KOH is 
59.1 kJ. Calculate the value AH for the reaction 


H,SO, + 2KOH —> K,SO, + 2H,0 


iB AH = -2 x 59.1 =-118.2 kJ 


CH,(g) + 204(g) —> CO,(g) + 2H,0(D; AH = -890 kJ 
What is the calorific or fuel value of 1 kg of CH4? 


890 . 
HSE Calorific value/kg = ic x 1000 = 55625 kJ kg 


Heat of neutralisation between HCl and NaOH is 13.7 kcal and 
between HCN and NaOH is 3 kcal at 45?C. Calculate the heat 
of ionisation of HCN 


"Sand HCl + NaOH — NaCl + H,O 
SA Sp 


or 


o 
HÊ + OH —> H,O, AH, = -13.7 Kcal 


HCN(W,)+ OH(S;) — H,O + CN? ; AH, = 3 kcal 
HCN —> H® + CN®°; 
-. AH = AH, - AH, 

= 3 — (-13.7) = 10.7 kcal 


Enthalpy ut neitaiiation of abis acid by NaOH i is -50. 6 KJ 
mol-!. Calculate AH for ionisation of CH,COOH. Given, the 
heat of neutralisation of a strong acid with a saong base is -55.9 
kJ mol. 


'Sol- The neutralisation of a strong acid by a strong base is 


represented by: 


Hê (aq) + OH(aq) —> H,0(/) 

AH = -55.9 kJ wall) 
We have to calculate: 

CH,COOH — CH,COO® + H®; AH=? 

Given: 


© 
CH,COOH + OH —> CH,COO® + H,O 
(ii) - (1) 


...(ii) 
Operate: .. 


-.AH = AH, - AH, 
= 50.6 — (-55.9) = 5.3 kJ mol! 


CsOH + HCl — CsCI-H,0O; AH = -13.4 kcal mol-^...(i) 
CsOH + HF — CsF + H,0; AH = -16.4 kcal mol... (ii) 
Calculate AH for the ionisation of HF in H,O. 
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IBOD ur — H? * F^ AH =? 
From equation (1), we get 
CsOH + Hel — CsCl + H,O 


or 


o l 
OH (Strong base) + H® (acid) — H,O 
AH, = -13.4 kcal 


From equation (ii), we get 


O 
OH (Strong base) + HF(Weak acid) — H,O 
AH, = -16.4 kcal 


AH = AH, - AH, 
--164- xd i) = -3.0 kcal 


data: 
CH,COOH + NaOH —> CH,COONa + H,O 
s AH - 13? keg 
H® + OH — H,O AH = -13.7 kcal 


Also calculate heat of dissociation for NH 4OH if 


Calculate imm of dissociation for acetic acid from the foll | 
"i | 


HCl + NH,OH —> NH, C1 + H50; AH = -12.27 kcal 


— © 
Sol. ) CH,COOH(w,) + OH (s,) —> CH,COO® +H,0; 


AH, =-13.2 keg. 
o | 
H®(S,) + OH (Sg) — H,O AH, = -13.7 kea | 
= 13.2 —(-13.7) = 0.5 kcal 
Similarly, for NH,OH: 
© 
Na, OH —> NH, + OH; AH=? 


H9(S,) + NH,OH(W,) —> NH, + H,0; 


AH, =- 


o 
H® + OH —> H,O 


o 
NH,OH — NH,® + OH 


AH = Eum E AF, = -12.7 — aun = 1.43 cal 


Calouste ves resonance e energy of NO CO N-0: ) 
The measured enthalpy formation of NO, (4,4 
34 kJ mol"!. The bond energies given are: 

N—O > 222 kJ mol! 

N==N => 946 kJ mol! 

O==0 => 498 kJ mol! 

N==O > 607 kJ mol! 


Sol. | RE, A, H(observed) - A, H(calculated) 
b 
3 No(s) + O2(8) — NO»(g) 
A, Hq, = (BE of Reactant — BE of Products) 


pi 
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as mn — 
- E BE of N, + BE of 0, | 
el | | 
l Find the electron affinity of chlorine from the following 
-( SBE of N=0 + BE of E) dala. Enthalpy of formation of LiCl is -97.5 kcal mol ', 
lattice energy of LiCl = -197.7 kcal mol !. Dissociation 


energy of chlorine is 57.6 kcal mol !, sublimation enthalpy 


z E x 946 + 198] - (607 + 222) edt 
` of lithium = +38.3 kcal mol-!, ionisation energy of lithium 


-971 - 89 = 142 kJ | = 123.8 kcal mol!. 
= d 
Massen! P i !| Cl*e— CI? AH = ? 
| RET 347 142 = 108K) | 


l 
Given: Li(s) + 7 => LiCl(s); 
AH, = -97.5 kcal mol" 


= aint of an organic compound is 310 K. Its enthalpy of 


P in per mole Asaph is 27.9 K mol". Calculate the Li®(g) + C1°(g) — LiCK(s); 

* of vaporisation Aap of organic compound, AH, = -197.7 kcal mol! 
" AH 219 09k K^! mor! Cl(g) — 2Cl(g); 

S To i AH, = 57.6 kcal mol! 


E She NN TRUER B 
= om waa Y NI SN 


Li(s) — Li(g);AH, = 38.3 kcal mol! 


E 6. EEUU UMS Sole o Co pap: 
spenthalpies of combustion of carbon and carbon monoxide in Li(g) —> Li®(g) + e7; 
es of oxygen at 298 K and constant pressure are -393:5 and AH. = 123.8 kcal mor! 
; = 123. 


ES mol ', respectively. Calculate the heat of formation of 


on monoxide at constant volume. Rewriting equations: 


Lig) + zCh(g —) Licls): 


l 
u C(s)+—03(s) —> CO(s) AH =? : 
| 2 AH, =-97.5 kcal mol! 
s: LiCl(s) —» Li9(g) + CI*(g); 
Cg) + 0,(g) —> CO,(g); AH, =-393.5 .. (i) AH, =-197.7 kcal mol! 
1 l 
CO(g) + 5 O(8) — CO, (s); AH, = -283 (i) 7 CL (g8) — CL(g)]; 
AH - AH, - AH, T EEEEE T p 
=393.5 - (C283) = -110.5 KJ a db 
"T Tm Li(g) —o Li(s); 
8/2 2 | AH, = -38.3 kcal mor! 
AU - AH - An RT Li*(g) * e — Li(g); 


AH, = -123.8 kcal mol! 
Cl(g) +e —» CI*(g) 


| 
=~-11,05- (C2) «8.314 x 10? x 298 
--]11.7 kJ mor! 


AH = -97,5 4197.7 - x 57.6 — 38.3 — 123.8 
= -90.7 kcal mol"! 


E of formation of ethane is 19.46 kcal. Bond energies or 
E CH, and C—C bonds are 104.18, 99.0, and 80.0 Operating: 
"spectively, Calculate the heat of atomisation of graphite. 


| AH = AH, - AH, - LAH, - AH, - 
w her XC) + 3H (g) — Cj gy Aj = 1946 keal ME » _ 
i heat of atomisation is x kcal =97.5 - (-197.7) - 2 (57.6) - 38.3 - 123.8 
or reactant = 2x + 3 x (H—H) = -90.7 kcal mol"! 
BE of 72x +3 x 104.18 = 2x + 312.54 
Products = (C—C) + 6(C—H) 
m = 80 + 6 x 99 = 674 
"4312.54 - 674 = 19.46 
(00035 YD keal 


The heat of combustion at constant volume at 27°C of benzene 
and acetylene are -800 kcal and -310 kcal. Find the heat of 
polymerisation of acetylene to benzene at constant pressure. 
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DISSI? 2C, H, + 150, —> 12C0, + 6H,0(1) Ai) 
AH, = -2 x 800 

2C,H, + 50, —> 4CO, + 2H,0() (ii) 
AH, = -2 x 310 


Multiply equation (ii) by 3 and then subtract: 
6C.H, = 2C,H, 

AH = 3(-620) - (-1600) = —260 kcal 
3C,H.(g) = CSA) 


AH=0-3=-3 


AH = —130000 — 3 x 1.987 x 300 = -131.8 kcal 


Calculate A.H~ ICl(g) from the data 
AH dissociation Cl,(g) = 57.9 kcal mol" 
AH dissociation L(g) = 36.1 kcal mol" 
AH dissociation ICl(g) = 50.5 kcal mol! 
AH sublimation I, (g) = 15.0 kcal mol"! 


l l 
B SC) 256) — Ce) AH =? 


1/2|L(g) — 2e; AH, 2 361x1/2 
1/2|CL(g) — 2Cl(g); AH, = 57.9 x 1/2 


love —> I(g) * Cl(g); AH, = 50.5 


1 
AH - 536.1 + 57.9 +15.0) —50.5=4 kcal mol! 


rom the following data, calculate the standard entha] 

formation of propane A, CH, = 117 kcal mol ! PY of 
) » = ne =f. 4 NER, > - 

AH CH, = -24 kcal mol '; BE(C—H) = 99 ke ae 


(C—C) = 84 kcal mol". 


m 
F 


IBOD C(s) + 2H,(g) — CH,(g); . 
AH, = -17 kcal ^i 
2C(s) + 3H,(g) —9 C;H«(g); : 
AH, = —24 kcal "nl 
3C(s) + 4H,(g) —> C,H,(); N 
AH -? "fiii 


From equations (i) and (ii), we get 

Let x kcal mol"! is the energy of C(s) —> C(g) 
Let y kcal mol"! is the BE energy of (H—H) 
From equation (i), we get 
-]72x-*2y-4x99 

From equation (ii), we get 

—24 = 2x + 3y - (84 + 6 x 99) 

Solve for x and y, 

x= 171 kcal, y = 104 kcal 

From equation (iii), we get 

A,H = 3x + 4y — [2 x 84 + 8 x 99] 


— —3] kcal mol"! 


eT ERR 
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(<li NM 
í 


(ur iS 
^ ied (2) -3.0 kcal (3) 6.0 kcal (4) 0.3 kcal 
(D l 
por the gegen 
j^ 
«0/0 2X0,(g) 
y= 2.1 keal, AS= 20 cal K! at 300 K. 


Hence AG is 

(027 kcal (2)-2.7 kcal (3) 9.3 kcal (4) -9.3 kcal 
y For the given reactions 
i sio, + 4HF — SIF,*2H50, AH = -10.17 kcal 
sio, + 4HCl —9 SiCl,+2H,0, AH = 36.7 kcal 
jt may be concluded that 
(1) HF will attack SiO, and HCI will not 
() HCl will attack SiO, and HF will not 
(3) HF and HCI both attack SiO, 
(4) None attacks SiO, 


4, If AG = AH - T AS and AG = AH + r] then 
P 


variation of EMF of a cell E, with temperature T, is given 
by: 


o ož o” w-% 
nF nF nF nF 
5, Which is not intensive property? 
(1) Boiling point (2) Refractive index 
(3) Molarity (4) Volume 


6. 1 g H, gas STP is expanded so that the volume is doubled. 
Hence, work done is 


(1) 22.4 L-atm (2) 5.6 L-atm 
(3) 11.2 L-atm (4) 44.8 L-atm 


1, 1 mol of NH, gas at 27°C is expanded under adiabatic 
condition to make volume 8 times (y = 1.33). Final 
temperature and work done, respectively, are 


(1) 150 K, 900 cal (2) 150 K, 400 cal 
(3)250 K, 1000 cal (4) 200 K, 800 cal 


V. Temperature of 1 mol of a gas is increased by 1? at constant 
Pressure. The work done is 


()R (2) 2R (3) R/2 (4) 3R 
3. The standard heat of combustion of Al is -837.8 kJ mol"! at 


25°C. If Al reacts with O, at 25°C, which of the following 
Telease 250 kJ of heat? 


(1) The reaction of 0.624 mol of Al 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


(2) The formation cf 0.624 mol of ALO, 

(3) The reaction of 0.312 mol of Al 

(4) The formation of 0.150 mol of ALO, 

C,- Cy7 R. This R is 

(1) Change in KE. 

(2) Change in rotational energy. 

(3) Work done which system can do on expanding the gas 
per mol per degree increase in temperature. 

(4) All correct. . 

Carnot’s cycle is said to have 25% efficiency when it 

operates between T (source) and 300 K (sink). Temperature 

Tis 

(300K  (Q)350K  (3375K  (4400K 

The heat of neutralisation of oxalic acid is -25.4 kcal mol! 


using strong base, NaOH. Hence, the enthalpy change of 
the process is 


H,C,0, == 2H? « C04" is 
(1) 2.0 kcal (2) -11.8 kcal 


(3) 1.0 kcal (4) -1.0 kcal 


Ifa gas absorbs 200 J of heat and expands by 500 cm? against 
a constant pressure of 2 x 10? N m7, then the change in 
internal energy is 


(1)-300J  (2)-100J 

Inversion temperature is 
Rb 2a a 

(07 (2) Bp (4) ap 

For an ideal gas Joule-Thomson coefficient is: 

(1) Positive 

(2) Negative 

(3) Zero 

(4) Dependent on molecular weight 

A, H(H,0) = -68 kcal mol! and AH of neutralisation is 


(3) +100) (4) +3003 


Rb 
(3) p 


- © 
-13.7 kcal mol", then the heat of formation of OH is 
(1) -68 kcal mol"! (2) -54.3 kcal mol"! 


(3) 54.3 kcal mol! (4) 771.7 kcal mor! 


The heat of hydrogenation of ethene is x, and that of benzene 
is x 
2 


Hence resonance energy of benzene is 
(x-x» (2)x,+x, (3) 3,-x, (4)u- 3x, 
latm 


A(I) = A(g) 5 Aap = 460.6 cal mol:!, 


boiling point = 50 K. What is the boiling point at 10 atm 
(1) 150K (2) 75K 
(3) 100K (4) None is correct 


l 

H;(g) + 702(8) — H;0() 
BE(H—H)-x; BE (0=0) = x, 
BE (0—H) =x, 


ii 
KUIS 
Ur 


K 
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Latent heat of vaporisation of water liquid into water vapour Which of the following alternatives is correct? 
(1) AH = AU 


= x,, then A,H (heat of formation of liquid water) is 


(1) x xx (2) 2x 73, - 2-4 


(3) à +P 2x — x4 (4) xt 2-2 +x 


20. If a certain mass of gas is made to undergo separately 
adiabatic and isothermal expansions to the same pressure, 
starting from the same initial conditions of temperature and 
pressure, then, as compared to that of isothermal expansion, 


in the case of adiabatic expansion, the final 
(1) Volume and temperature will be higher. 


(2) Volume and temperature will be lower. 
(3) Temperature will be lower but the final volume will be 


higher. 
(4) Volume will be lower but the final temperature will be 


higher. 

21. The dissolution of NH,CI in water is endothermic even 
though NH, Cl dissolves in water spontaneously. Which one 
of the following best explains this behaviour? 

(1) The bonds in solid NH,Cl are weak 

(2) The entropy-driving force causes dissolution. 

(3) Endothermic processes are energetically favourable 
(4) The dissolving process is unrelated to energy. 


22. The enthalpy of formation of hypothetical MgCl is 
-125 kJ mol"! and for MgCl, is -642 kJ mol"! What is the 
enthalpy of the disproportionation of MgCl. 

(1) 392 kJ mol"! (2) -392 kJ mol"! 
(3) -767 kJ mol! (4) -517 kJ mor"! 

23. The products of combustion of an aliphatic thiol (RSH) at 
298 K are 
(1) CO,(g), H,O(g), and SO,(g) 

(2) CO,(g), H,O(1), and SO,(g) 
(3) CO, (I), H,O(1), and SO,(g) 
(4) CO,(g), H5O(l), and SO,(1) 

24. Which of the following equations corresponds to the 

definition of enthalpy of formation at 298 K? 


(1) C(graphite) + 2H,(g) + 1/20,(1) —> CH,OH(g) 
(2) C(diamond) + 2H,(g) + /20,(g) —9 CH,OH(I) 
(3) 2C(graphite) + 4 H,(g) + O,(g) —9 2CH;,OH(l) 
(4) C(graphite) + 2H,(g) + /20,(g) —> CH,OH(1) 
25. Which of the following equations corresponds to the 
enthalpy of combustion at 298 K? 


(1) C,H,(g) + 7/20,(g) —> 2CO,(g) + 3H,O(g) 

(2) 2C,H,(g) + 70,(g) —9 4CO,(g) + 6H,O(g) 

(3) C,H,(g) + 7/20,(g) —9 2CO,(g) + 3H,O(1) 

(4) 2C,H,(g)+70,(g) —9 4CO,(g) + 6H,0(1) 
26. For the combustion reaction at 298 K 

2Ag(s) + /20,(g) —9 2Ag,O(s) 


(2) AH > AU 
(3) AH < AU 
(4) AH and AU bear no relation with each other 
27. For the equations 
C(diamond) + 2H,(g) —9 CH,(g) AH, 
C(g) + 4H(g) —> CH,(g) AH, 
Predict whether 
(1) AH, = AH; 
(2) AH, > AH, 
(3) AH, < AH, 
(4) AH, = AH, + A P (C) + Aa H) 
28. The expression A, 4H? = Ap, HO + A ap His true at al 
(1) Temperatures 
(2) Pressures 
(3) Temperatures and pressures 
(4) Temperatures and 1 atm pressure conditions 
29. The word 'standard' in standard molar enthalpy Change 
implies 
(1) Temperature 298 K 
(2) Pressure 1 atm 
(3) Temperature 298 K and pressure 1 atm 
(4) All temperatures and all pressures 
30. For which of the following equations, will AH be equal to 
AU? 
(1) H,(g) + 1/20,(g) —9 H,O(1) 
(2) H,(g)+1,(g) —> 2HI(g) 
(3) 2NO,(g) —> N,O,(g) 
(4) 4NO,(g) + O,(g) —> 2N,0,(g) 
31. Enthalpy of the system is given as 
(1)H+PV ())U+PV (3)U-PFV 
32. Enthalpy change of a reaction will be equal to 
(1) AU + PAV (2) AU+ VAP 
(3) AU * A(PV) (4) AU + (An AU) 
33. The molar enthalpies of combustion of C,H(g), C(graphite) 
and H.(g) are -1300, —394, and —286 kJ mol, respectively. 
The standard enthlapy of formation of C,H,(g) is 
(1) -226 kJ mol! (2) 626 kJ mor! 
(3) 226 kJ mol"! (4) 626 kJ mol! 
34. The relationship between enthalpy and internal energy 
change is 
(1) AU = AH + PAV (2) AH = AU + PAV 
(3) AH = AU - PAV (4) PAV=AU + AH 
35. When a reaction is carried out in a closed vessel 
(l)qp<qy (2)4p>qy (3)qp=4y (94,7? 


(4) H - PV 


- nchip between the free en 
jationship ergy change (A 
qhe i change (AS) at constant temperature (T) : ve 


fe aro 
96" AH + TAS (2) AH - AG + TAS 
P n$eaG* aH — AG--AH- Tas 


ction involvi 
gor the gaseous Tea olving the complete combustion 
yh a obutane 
of I 


yal (2) AH > AU 
=- AU=0 (4) AH < AU 
y ropy of system depends upon 
1 j Volume only 
? Temperature only 


(3) pressure only 
ressure, volume, and temperature 


ud ! 
for the gaseous reaction: N,0, — 2NO, 
(yb? AU (2) AH « AU 


for the reversible process, the value of AS is given by the 
expression 
(1) AHIAT (2) Tiq(rev) 
(3) (rev) * T (4) q(rev)/T 
ji, For a process H,O(s) —> H,O(1) at 273 K 
(1) G (ice) = G (water) = 0 (2) G (ice) = G (water) #0 
(3) G (ice) > G (water) (4) G (ice) < G (water) 
i, Which law of thermodynamic, introduces the concept of 
entropy 
(1) First law (2) Zeroth law 
(3) Third law (4) Second law 
43, In which of the following process AH and AU are of same 
magnitude 
(1) Evaporation of CCI, (1) 
(2) CaCO,(s) —> CaO(s) + CO,(g) 
(3) NH,Cl(s) —9 NH,Cl(g) 
(4) 2HI(g) —9 H,(g) + b(g) 
44, Energy can transfer from system to surroundings as work if 
(1) There is thermal equilibrium between system and 
surrounding. 
(2) There is mechanical equilibrium between system and 
surrounding. 
(3) If pressure of system > atmospheric pressure. 
(4) None of these. 
45. At equilibrium state 
(1) A i$? 0 (2) A i5 <0 
(3) A iS = 0 (4) Unpredictable 
46. For hypothetical reversible reaction 
V2A,(g) + 3/2B,(g) > AB,(g), AH = -20KJ if 
standard entropies of A,, B,, and AB, are 60, 40, and 
50 J K=! mor, respectively. The above reaction will be 
equilibrium at 


(1) 400 K 


(2)500K  (3250K  (4)200K 


48. 


49. 


51. 


52. 


53. 


54. 


55. 
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. If AHP of ICl(g), Cl(g), and I(g) is 17.57, 121.34, and 


106.96 J mol", respectively. Then bond dissociation energy 
of I-Cl bond is 

(1) 35.15 J mol! (2) 106.69 mol"! 

(3) 210.73 J mol! (4) 420.9 J mol"! 

If S +0,— 865; AH = -298.2 kJ 

$0,410, SO,; AH = -98.7 kJ 

$0,+H,O—> H,S0,; AH = -130.2 kJ 

Lt => H,0; AH = -287.3 kJ 

Then the enthalpy of formation of H,SO, at 298 K is 


(1) -814.4 kJ (2) 650.3 kJ 

(3) -320.5 kJ (4) 2233.5 kJ 

Under which of the following condition is the relation 
AH = AU + P AV valid for a closed system at 

(1) Constant pressure 

(2) Constant temperature 


(3) Constant temperature and pressure 
(4) Constant temperature, pressure, and composition 


. Evaporation of water is 


(1) An exothermic change 

(2) An endothermic change 

(3) A process where no heat changes occur 

(4) A process accompanied by chemical reaction. 
Which of the following reaction is endothermic? 
(1) CaCO, —> CaO + CO, 

(2) Fe +S —9 FeS 

(3) NaOH + HCI —> NaCl + H,O 

(4) CH, + 20, —9 CO, + 2H,0 

Which of the following is an endothermic reaction? 
(1) 2H,+O, — > 2H,0 

(2) N, + O, —9 2NO 

(3) 2NaOH + H,SO, —9 Na,SO, + 2H;0 

(4) C,H,OH + 30, —> 2CO, + 3H,0 


H,+1/20, — H,O; AH? = -68 kcal 
K + H,O + aq —9 KOH(ag) + 1/2H;; AH? = -48 kcal 
KOH + aq —> KOH(aq); - —]4 kcal 


From the above data, the standard heat of formation of KOH 
in kcal is 

(1) -68 + 48-14 (2) -68 — 48 + 14 

(3) 68 - 48 + 14 (4) 68+ 48+ 14 

Since the enthalpy of elements in their natural state is taken 
to be zero, the heat of formation (AH) of compounds 

(1) Is always negative 

(2) Is always positive 

(3) May be negative or positive 

(4) Is zero 

Areaction, A+ B —— C+D * q, is found to have a positive 
entropy change, the reaction will be: 

(1) Possible at high temperature 

(2) Possible only at low temperature 

(3) Not possible at any temperature 

(4) Possible at any temperature 
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56. Molar heat capacity of water in cquilibrium with ice at 
constant pressure is 


(1) Zero (2) Infinity (00) 
(3) 40.45 KI K mol! — (4)7548J K ! mol ' 
57. Standard molar enthalpy of formation of CO, is equal to 
(1) Zero. 
(2) The standard molar enthalpy of combustion of gaseous 
carbon. 


(3) The sum of standard molar enthalpies of formation ol 


CO and O.. 
(4) The standard molar enthalpy of combustion of carbon 
(graphite). 
S8. In thermodynamics, a process is called reversible when 
(1) The surroundings and system change into each other. 
(2) There is no boundary between the system and 
surroundings. 
(3) The surroundings are always in equilibrium with the 
system. 
(4) The system changes into the surroundings spontaneously. 
59. Which one of the following statements is false? 
(1) Work is a state function. 
(2) Temperature is a state function. 
(3) Change in the state is completely defined when the initial 
and final states are specified. 
(4) Work appears at the boundary of the system. 
60. Identify the intensive quantities from the following. 


(1) Enthalpy (2) Temperature 
(3) Volume (4) Refractive index 

61. The products of combustion of an aliphatic thiol (RSH) at 
298 K are 


(1) CO,(g), H,O(g), and SO,(g) 
(2) CO,(g), H;O(I), and SO,(g) 
(3) CO,(1), H,O(), and SO,(g) 
(4) CO,(g),H,O(1), and SO,(1) 

62. For an endothermic reaction where AH represents the 
enthalpy of the reaction in kJ mol"!, the minimum value 
for the energy of activation will be 
(1) Less than AH (2) Zero 
(3) More than AH (4) Equal to AH 


/ Multiple Correct Answers Type | | 


1. Select the correct statement 

(1) There is a natural asymmetry between converting work 
to heat and converting heat to work, 

(2) No process is possible in which the sole result is the 
absorption of heat from a reservoir and its complete 
conversion into work. 

(3) For every chemical reaction at equilibrium, standard 
change in Gibbs free energy is zero. 


Ss eae 
ay: 


(4) At constant temperature and pressure, chemical p, 
are spontaneous in the direction of decreasi tion, 
E Gi iih 


energy. h 


. Which of the following are intensive properties 
(1) Heat capacity (2) Refractive index 
(3) Specific volume (4) Entropy 
. Which of the following are extensive properties 
(1) Elevation in boiling point 
(2) Boiling point 
(3) emf of cell 
(4) E? of cell 
. Which one is not correct for a cyclic process as Show, . hi 


the figure? 


10 30 
V (m?) > 


(1)dU=0 (2q--w (3)314J (4)314] 

If w, w, W3, and w, are work done in isothermal , adiabatic, 
isobaric, and isochoric reversible expansion for an ideal gas, 
respectively, then 

(w,7w, Q)w >w, G)w?w, (4) w,> e 


. Average value of poisson's ratio for a mixture of 2 mol of 


each gas A and B is 1.66, then 

(1) Gases are mono-atomic 

(2) Gases are diatomic 

(3) Average molar heat capacity at constant volume is 4 ca] 
(4) Average molar heat capacity at constant V is 3 cal 


. A reaction attains equilibrium state under standard 


conditions, then: 

(1) Equilibrium constant K = 0 
(2) Equilibrium constant K = | 
(3) AG? = 0 and AH? = T AS? 
(4) AG =0 and AH = TAS 


. The poisson's ratio for O, is 1.4. Which of the following 


are correct for O,? 
(1) Cj, 5 cal (2) C, = 0.156 cal 
Ry R 


(3) C= 1 


. Select the correct statements. 


(1) The magnitude of work involved in an intermediate 
irreversible expansion is less than that involved in 
reversible expansion. 

(2) Heat absorbed during intermediate reversible expansion 
is more than that in intermediate reversible expansion. 

(3) The magnitude of work involved in an intermediate 
reversible compression is more than that involved 1n 
intermediate irreversible compression. 


D». 
Lif 
IHD- 


- Heat released during intermediate irre 


ia Versible 
.ompression is more than that in intermediate 
t 1 


reversible 
compression. 


select the corre ct statements for the equilibrium under 
LSA ndard conditions. 

sta H,O(s) ® HO(D; AS 

H,O() ® H,0(9; ASS, 

H,O(s) >= H,0(0); AS 

yas? i 

(3) M AS S 

ch is intensive property? 


(2) ASC, >>> ASS, 
(4) AS", ^ AS", 


il whi 
(D) Mass (2) Mass/volume 
.3) Volume (4) Volume/mass 


which is an itreversible process? 
1) Mixing of two gases by diffusion 
D Evaporation of water at 373 K and 1 atm pressure 
(3) Dissolution of NaCl in water 
(4) All of the above 
x Which of the following statements are correct? 
(1) Absolute value of enthalpy cannot be determined. 
(2) Absolute value of internal energy cannot be determined. 
3) Absolute value of entropy can be determined. 


(4) Internal energy, enthalpy, and entropy are intensive 
properties. 


— 
es 


—" 


— 
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Following enthalpy changes are given: 

a-D glucose(s) —9 a-D glucose(aq); AH = 10.72 kJ 
&-D glucose(s) —9 B-D glucose(aq); AH = 4.68 kJ 
a-D glucose(s) —9 B-D glucose(aq); AH = 1.16 kJ 
Calculate enthalpy change in 

a-D glucose(s) —> B-D glucose(s) 

(1) 14.24kJ (2) 16.56kJ (3)-712kJ (4) 4.88kJ 
$. Ifx and y are arbitrary extensive variables, then 

(I) (x + y) is an extensive variable. 

(2) x/y is an intensive variable. 

(3) dx/dy is an intensive variable. 

(4) Both (2) and (3). 

fx and y are arbitrary intensive variables, then 

(1) xy is an intensive variable. 

(2) x/y is an intensive variable. 

(3) (x + y) is an extensive property. 


pt 
» 


— 
en 


" : tidy is an intensive property. 

"which process does AU = 0 holds true? 

(1) Cyclic Process (2) Isothermal expansion 
à (3) Isochoric process (4) Adiabatic process 
Which ig Correct about AG? 

(l) AG — ^H - TAG 

O) At equilibrium, A5 = 0 

j At *quilibriium AG — -RT log K 


AG- AGO 4. RT log K 


19. 


20. 


— 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 
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Which is not correct relationship between AG” and 
equilibrium constant K. 
(1) K, = -RT log AG" (2) K, = [e/RT° 


10) 


RT 
Which is not correct relationship? 


dH) — A "e 
"m. a dde 


dU 
—- | =0 (for ideal gas) 
2 E | S 


(3) Ky S (4) K, = e AG IRT 


dV nR c , 
3) | — | -— = (for ideal gas 
( |l p ( gas) 


(4) All of these | 
Which of the following are endothermic processes? 
(1) Combustion of glucose 

(2) Decomposition of water 

(3) Dehydrogenation of ethane to ethene 

(4) Conversion of graphite to diamond 


For an ideal gas undergoing isothermal irreversible 
expansion 


(1)AU=0 (2)AH=0 (3)AS=0 (4)w=0 
In which of the following reactions, AH > AU? 
(1) H,(g) + I,(g) —> 2HI(g) 


(2) PCl.(g) —> PCI (g) + CL(g) 

(3) 2H,0,(1) —> 2H,0(1) + 0,(g) 

(4) C(s) + 0,(g) — CO,(g) 

Which of the following are not correct at 298 K? 

(1) A,G? element = 0 (2) ALH* element = 0 
(3) A,S° element = 0 (4) A,G? compound - 0 
Under which of the conditions the process will be 
spontaneous? 

(1) AG = -ve (2) Arar = tve 

(3) Apu? = ve (4) Sotas = 9 

The correct expressions for an adiabatic process are 


$54 C 

o «(I o z-(2)" 

NA A X 
(BE PEE! (4) B.V !- PES 
During an adiabatic reversible expansion of an ideal gas 
(1) Internal energy of the system decreases. 
(2) Temperature of the system decreases. 
(3) The value of y changes. 
(4) Pressure increases. 


The intensive property/properties is/are 

(1) Temperature (2) Pressure 

(3) Internal energy (4) Heat capacity 

The second law of thermodynamics states that 

(1) All spontaneous processes are thermodynamically 
irreversible. 


(2) Entropy of the universe is continuously increasing. 
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(3) Energy can neither be created nor destroyed. 
(4) Energy of the universe remain constant. 
30. The criteria for spontaneity of a process is/are 
(1) (dG),p < 0 (2) (dE)s, < 0 
(3) (dA) op < 0 (4) (dS), < 0 
31. The following is(are) endothermic reaction(s) 
(1) Combustion of methane 
(2) Decomposition of water 
(3) Dehydrogenation of ethane to ethylene 
(4) Conversion of graphite to diamond 
32. For the adiabatic expansion of an ideal gas 
(1) PP? = constant (2) TV! - ! = constant 
(3) TP! -Y = constant (4) None of the above 
33. In which of the following entropy increases? 
(1) Rusting of iron 
(2) Melting of ice 
(3) Crystallisation of sugar from solution 
(4) Vaporisation of camphor 
34. Which of the following are irreversible processes? 
(1) Mixing of two gases. 
(2) Evaporation of water at 373 K and 1 atm in a closed 
system. 
(3) Dissolution of NaC] in water. 
(4) H5O(s) at 4°C 
35. Which of the options given below are correct? 


AH AS Nature of reaction 
(1)(-) (+) Spontaneous at all temperatures — 
(2)(+) C) Nonspontaneous regardless of temperature 
(3)(+) (*) Spontaneous only at high temperature 


(4)(-) (-) Spontaneous only at low temperature 
36. Which of the following are thermodynamically stable? 
(1) C(diamond) (2) C(graphite) 
(3) P,(white) (4) P, (black) 
37. Which of the following affect the heat of reaction? 
(1) Physical states of reactants and products 
(2) Allotropic forms of elements 
(3) Temperature 
(4) Reaction carried out at constant pressure or constant 
volume 
38. Which of the following type of energies are involved in 
Born Haber’s cycle? 
(1) AH 
(2) Ionisation energy 
(3) Bond dissociation energy 
(4) Lattice energy 
39. Which of the following are true about resonance energy? 
(1) Resonance energy = Experimental heat of formation — 
Calculated heat of formation, 
(2) Resonance energy = Calculated heat of formation 
— Experimental heat of formation. 
(3) Greater the resonance energy, more the compound will 
be stable. 
(4) Lesser the resonance energy, more the compound will 
be stable. 


— 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


Hess' law is applicable for determination of enthalpy "m 


(1) Reaction (2) Formation 

(3) Transition (4) None of these 

Indicate in which case/cases the spontaneity of a change * 
favoured when 


(1) AG is +ve (2) AH is —ve 
(3) AS is +ve (4) AS is -ve 
(5) AG is -ve 


Endothermic reactions, having AS = *ve may be spontaneous 


if 
(1) AH > TAS (2) AH « TAS 
(3) AH - TAS (4) T is very high 


For gaseous reactions, if AH is the change in enthalpy and 

AU that in internal energy, then 

(1) AH is always greater than AU. 

(2) AH is always less than AU. 

(3) AH « AU only if the number of mole of the products jg 
less than that of the reactants. 

(4) AU « AH only if the number of mole of the reactants i; 
less than that of the products. 

Which of the following statements is/are incorrect? 

(1) The entropy of the universe decreases and increases at 
a periodic rate. 

(2) The entropy of the universe increases and tends towards 
the maximum value. 

(3) For endothermic spontaneous processes the total entropy 
change decreases. 

(4) The entropy ofthe universe decreases and tends to zero. 

The open system(s) is/are which 

(1) Can exchange matter with the surroundings. 

(2) Can exchange energy with the surroundings. 

(3) Can exchange both matter and energy with the 
surroundings. 

(4) Cannot exchange either matter or energy with the 
surroundings. 

In a reaction, AH and AS both are more than zero. In which of 

the following cases, the reaction would not be spontaneous? 

(1) AH> TAS (2) TAS > AH 

(3) AH = TAS (4) AG <0 

If W is work done by the system (-ve), the mathematical 

representation of the first law of thermodynamics is/are 

(1) AU=Aq-W (2)q- AU-W 


(3) dq * dW « 0 (4 AU2 q* W 
In which reaction(s), AS is negative? 

(1) HO(l) —> H,O(s) 

(2) 30,(g) —> 20,(g) 

(3) H,O(1) —> H,O(g) 


(4) N(g) + 3H,(g) —> 2NH,(g) 
The heat evolved in the combustion of benzene is give? by 


l 
C, HS) + 15028) ——> 3H,O(/) + 6CO,(g); 


ey 


AH = -781.0 kcal mol! 


„n 156 E of C,H, is burnt in an open container, the 
uae of heat energy released will be 
ano" 


| 50.2 kcal mol! (2) 1562.0 kcal mol! 
: i82 KI mo" (4) 2448.5 kJ mol! 


aye heat of neutralization of a strong acid by a strong base 
q. v constant 
is 


57.0 KI mol"! (2) 13.7 kcal mol"! 
a x 10* J mol! (4) 13.7 x 10? cal mor! 
: i enthalpy change for the process 
d : graphite) —3 C(g) is called 
re Heat of vaporisation 
(2) Heat of sublimation 
3) Heat of allotropic change 
(4) Heat of atomisation 
d. Enthalpy change equal internal energy change when 
(1) All the reactants and products are in solution 
(2) Reaction is carried out in a closed vessel 


(3) Number of moles of gaseous reactants and that of 
products is equal 


(4) Reaction is carried out at constant pressure 


linked Comprehension Type 


Gibbs-Helmholtz equation relates the free energy change to the 
athalpy and entropy changes of the process as 


(AG)pp = AH - T AS 


paragraph 1 


The magnitude of AH does not change much with the change 
z temperature but the entropy factor T AS changes appreciably. 
Thus, spontaneity of a process depends very much on temperature. 


1. When CaCO, is heated to a high temperature, it undergoes 
decomposition into CaO and CO, whereas it is quite stable 
at room temperature. The most likely explanation of it is 


(1) The enthalpy of reaction (AH) overweighs the term 
T AS at high temperature. 


(2) The term T AS overweighs the enthalpy of reaction at 
high temperature 


(3) At high temperature, both enthalpy of reaction and 
| entropy change become negative. 
(4) None of these, 


2. For the reaction at 25°C, X,0,,(1) —9 2X0, 


AH= 2.0 kcal and AS = 20 cal K-!. the reaction would be 


(1) Spontaneous (2) At equilibrium 


(3) Unpredictable (4) Non-spontaneous 
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3. For the reaction at 298 K, 2A + B > C 


AH = 100 kcal and AS = 0.020 kcal K | If AH and AS are 
assumed to be constant over the temperature range, at what 
temperature will the reaction become spontaneous? 


(1)1000K = (2) 3500 K (3) 5000K  (4)1500 K 


4. A reaction has a value of AH —20 kcal at 200 K, the reaction 
is spontaneous, below this temperature, it is not. The values 
AG and AS at 400 K are, respectively 
(1) 10, -0.1 cal K7! (2) -10 kcal, —100 cal K^ 
(3) 0, 10.0 cal K7! (4) 0, 2100 cal K~! | 

5. The enthalpy change for a certain reaction at 300 K IS 
—15.0 kcal mol. The entropy change under these conditions 
is 72 cal K-! mol ~!. The free energy change for the re- 
action and its spontaneous/nonspontaneous character will be 
(1) -12.84 kcal mol'!, spontaneous 
(2) -12.16 kcal mol"!, spontaneous 
(3) 12.84 kcal mol"!, non spontaneous 
(4) 12.0 kcal mol, spontaneous 

6. The dissolution of CaCl,6H.O in a large volume of water is 
endothermic to the extent of 3.5 kcal mol. For the reaction, 
CaCl,(s) + 6H,O(1) —9 CaCl, 6H,0(s) 

AH is -23.2 kcal. The heat of solution of anhydrous CaCl, 
in large quantity of water will be 


(1) -16.7 kcal mol"! (2) -19.7 kcal mol! 
(3) 19.7 kcal mol! (4) 16.7 kcal mor"! 
Paragraph 2 


The enthalpy change for chemical reaction is denoted as 


AH? and AH? = HG, — H?,. The relation between enthalpy and 
internal energy is expressed by equation: 


AH = NU + AnRT 


where AU = change in internal energy, An = change in number of 
moles, R = gas constant. 


7. Given that: 
A(s) > A(); AH =x 
A(l) > A(g); AH = y 
The heat of sublimation of A will be 
(x-y | Q2)xty = G@)xory (+y) 


à | 
8. H,(g) + 9 O, (g) = H,O(I); AH,s, g = —68.00 kcal 


Heat of voporisation of water at 1 atm and 25°C is 10.00 


kcal. The standard heat of formation (in kcal) of a 1 mol 
vapour at 25?C is 


(1)-78.00 (2)78.00 (3) +58.00 


(4) -58.00 
9. For the change, C 


diamond . C arphite? AH = -1.89 kJ, if 
6 g of diamond and 6 g of graphite are separately burnt to 
yield CO, the heat liberated in first case is 


(1) Less than in the second case by 1.89 kJ 
(2) Less than in the second case by 11.34 kJ 
(3) Less than in the second case by 14.34 kJ 
(4) More than in the second case by 0.945 kJ 


10. Which of the following equations corresponds to the 
definition of enthalpy of formation at 298 K? 
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| 
(1) C{graphite) + 2H,(g) + 70,0) —> CH,OH(g) 


| 
(2) C(diamond) + 2H,(g) + = O,(g) —> CH,OH() 


(3) 2C(graphite) + 4H.(g) + O,(g) —9 2CH,OH() 


l 
(4) C(graphite) + 2H,(g) + 5 O4(g) —> CH,OH(1) 


11. Enthalpy of the system is given as 
(DH-PUV Q)U+PV (3)U-PV (H-V 
12. Fora reaction, 2\(s) + 2Y(s)—> 2C(1) + D(g), AH at 27°C 
is -28 kcal mol! AU is ............. kcal mol"! 
(D 225.5 (2)425.5 — (3)28.6 (4) 28.4 
Paragraph 3 


For an ideal gas. an illustration of three different paths 
4. (B + C) and (D + E) from an initial state P,, V, T, to a final 
state P.. Ta. T, is shown in the given figure. 


^ - 
A A y 5 
| Pi Vos T; 
P 
E 
Py, ET 
B 2» ^23 4] 
C 
3, V5, T; 
eme 


Path A represents a reversible isothermal expansion from P, 
V, to P^. V,. Path (B + C) represents a reversible adiabatic 
expansion (B) from PSI to Py V, T, followed by 
reversible heating the gas at constant volume (C) from P,, 
V^. T, to P,, V,, T. Path (D + E) represents a reversible 
expansion at constant pressure P \(D) from P,, V, T, to Pi 
V». T, followed by a reversible cooling at constant volume 
VE) from Pi Po T, to P,, Voy Ti: 
13. What is g, for path (A)? 


V 
(1) PV,- V.) (2) -nRT n 
] 


(3) no 
4 
14. What is g, for path (B + Cy? 


(4) -nRT, iz 
/ 


V. 
RIn—- 
(1) 9 7 


V. 
-nR n — 
| (2) n um 


NE Vo 
(3) zero (4) nRT, ir 
15. What is AS for path A? 


V. 
(1) MC (2) P(V, - V.) 
(3) -KV, - V) (4) nR(V, — V.) 
16. What is q,.., for path (D + E)? 


Cy (T) 
j 
(1) PV, - Vp) e| aT 
L 
n 
V. 1 ^n 
(3) niin (4) [Cy TaT 
| i 
17. What is AS for path (D + E)? 
V 
(1) PV, - V) (2) “HSI 


V. 
Rn 
(4) n ny 


(3) H= V) : 


Paragraph 4 


Concrete is produced from a mixture of cement, water and small 
stones. Small amount of gypsum, Ca50,2H,0 is added in cement 
production to improve the subsequent hardening of concrete, The 
elevated temperature during the production of cement may Jead to 


. l 
the formation of unwanted hemihydrate CaSO, s H,O according 
to reaction. 


l 3 
CaSO,2H,0(s) — Ca80,7 H,0(s) + —H;O(g) 


l 
The ALH7 of CaSO,2H,O0(s), Ca50, H,0(s), H,0( 


3) 


are 2021.0 kJ mol!, -1575.0 kJ mol!, and 241.8 kj mot". 
respectively. The respective values of their standard entropies are 
194.0, 130.0, and 188.0 J K! mol!. The values of R - 8314] K- 
mol" = 0.0831 L bar mol! K~. 


Answer the following questions on the basis of above 
information. 


18. Heat change occurring during conversion of 1 ko 
of CaSO,:2H,O(s) (molar mass 172 g mol) of 


l 
C250, H5O(s) is equal to 


(1) 484 kJ mol! (2) 400 kJ 
(3) -484.0 kJ mol! (4) -1000 kJ 
19. The value of AG® for the reaction at 298 K is 
(1) 120 kJ mol"! (2) 17.92 kJ mol! 
(3) -180 kJ mol"! (4) 10 kJ mol! 
20. The value of equilibrium constant for reaction is 
(1) «0 (2) «1 (3)>1 (4) =1 
21. The equilibrium pressure of water vapour in closed vessel 


containing CaSO 4 2H,O(s), CaSO 4 < H,O(s) , and H,0(3) 
at 298 K (Antilog -3.14 = 7.24 x 10-4) is 


(1) (17.24 x 10:4) bar 
(3) (18 x 10:452 bar 


(2) (77.24 x 1073)? bar 
(4) (7.24 x 10-4)? bar 


22. The formation of Caso, . H,O at 298 K is 
(1) Spontaneous ? 
(2) Endothermic and non-spontaneous 
(3) Endothermic and non-spontaneous 
(4) Exothermic and non-spontaneous 


ttl ee Cree eee ee ae 
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ansion in a 
The initial 


1 The w 


inia: adi) 1S related 
V york of expansion in isothermal process (€ 
to 


tao) as 


w 


(1) Wadi 7 iso (2) wadi < Wi 
(3) Wadi 2Wiso (4) Wadi > Wi 
which of the following is correct ? 

4. (Py = Pals (2) PJP,- Vyv, 
(3) P/P = P,/P3 (P, =P, 

ys, Which graphic representation is correct 


——. Adiabatic 


"U 
ww 
I 
I 
l 
I 
I 
[ 
xL----r---r----- 


~ 


Isothermal 


Adiabatic 


ee ee 


V y, 


(3) Both (1) and (2) 


X. If P, and P. are equal, then 


U) Pi" Viso) 


(4) None 


: V fadia) = Viso) 
i. x V (adi) = Viso) i V 


adi) i Viso) 
: C 
1. Which relation is correct E = a ? 


(I) Py, = PY 


(3) P, Vy = P, V 


(2) P;F, = PV, 
Re ener 


a 
» P, XM 
in 


cacti 5y, G=H-T S, is a state function that indicates whether 
ath 5$ Spontaneous or non-spontaneous. If you think of TS 
"n Of the System's energy that is disordered already, then 
Md ( er 55 the part of the system's energy that is still ordered 
deed free to cause spontaneous change by becoming 


Also, AG = 


AH — T AS 
< 


From the second law of thermodynamics, a reaction 15 
spontaneous if A,,,,,5 is positive, non-spontaneous if Arotal> 19 
negative, and at equilibrium if A, S is zero. 


Since, -T AS = AG and since AG and AS have opposite signs, 
we can restate the thermodynamic criterion for the spontaneity of 
a reaction carried out a constant temperature and pressure. 


If AG « 0, the reaction is spontaneous. 
If AG > 0, the reaction is non-spontancous. 
If AG = 0, the reaction is at equilibrium. 


Read the above paragraph carefully and answer the following 
questions based on the above comprehension. 


28. For the spontaneity of a reaction, which statement is true? 
(1) AG = +ve; AH = tve (2) AH = +ve; AS = —e 

(3) AG = —ve; AS = —ve (4) AH = —ve; AS = +ve 

A particular reaction has a negative value for the free energy 
change. Then at ordinary temperature 


(1) It has a large (—ve) value for the entropy change 
(2) It has large (+ve) value for enthalpy change 
(3) It has a small (+ve) value for enthalpy change 


(4) It has a (*ve) value for the entropy change and a 
(—ve) value for enthalpy change. 


30. Which of the following is true for the reaction? 


29. 


H,O(/) —— H,,O(g) at 100°C and 1 atmosphere 


(1) AS=0 (2)AU=AH (3)AH=0 (4) AH=TAS 
If an endothermic reaction is non-spontaneous at freezing 
point of water and becomes feasible at its boiling point, then 
(1) AH is (—ve) and AS is (+ve). 

(2) AH and AS both are (ve). 

(3) AH and AS both are (-ve). 

(4) AH is (+ve) and AS is (—ve). 

One mol of ice is converted to liquid at 273 K; H,O(s) 
and H,O(1) have entropies 38.20 and 60.03 J mor! dg. 
Enthalpy change in the conversion will be 

(1) 59.59 J mol"! (2) 593.95 J mot"! 


(3) 5959.5 J mol! (4) 59595 J mol! 
Paragraph 7 


31. 


32. 


The state of a mole of an ideal gas changed from state 4 at pressure 
2P and volume V follows four different processes and finally 
returns to initial state 4 reversibly as shown below in the graph. 
By interpreting the graph, answer the following questions. 


V —> AV 


33. Which is the kind of process followed from state 4 to state 
B? 


(1) Isochoric expansion 
(2) Isobaric expansion 
(3) Isothermal reversible expansion 


(4) Isothermal irreversible compression 
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34. In state D to state 4, what kind of process is followed? 
(1) Isobaric expansion (2) Isobaric compression 
(3) Isochoric process (4) Isothermal compression 


35. What would the be total work done by the gas? 


(D -PV (2) PV 
(3)0 (4) None of these 
36. What would be the work done in state B to C? 
(1) -PF (2) PV (3) 2PV (4) Zero 
37. What would be the heat absorbed by the system in this cyclic 
process? 
(D-2PF . (2)Zero (3) 2PV (4) PV 


Paragraph 8 

The second law of thermodynamics is a fundamental law of 
science. In this problem, we consider the thermodynamics of an 
ideal gas, phase transition, and chemical equilibrium. 

Three moles of CO, gas expands isothermally (in thermal 
contact with the surroundings; temperature = 15.0°C) against a 
fixed external pressure of 1.00 bar. The initial and final volumes 
of the gas are 10.0 L and 30.0 L, respectively. 

38. Select the correct order of the entropy change. 


(A S20. A. $70 DASO, A S70 


G)A, S20, AL S«0 — (4A,,5»0, A, S70 
39. Assuming CO, to be an ideal gas, Ays is 

(1) 2743 KI (2) 9.1 J K! 

(3) 274 J K (4) -9.1 J K^! 
40. A. is 

(1) 27.4 JK"! (2) +6.94 J K^! 

(3) 0.00 J K7! (4) -6.94 J K^! 
41. Change in entropy of the universe is 

(1) 34.34 JK"! (2) 34.34 J K! 

(3) 20.46 J K^! (4) -20.46 J K- 

Paragraph 9 


A sample consisting of 1 mol of a mono-atomic perfect gas 


(. 3 
| Cy = 2) is taken through the cycle as shown. 


Pressure, P(atm) 


44 44.88 
Volume, V(L) 


42. Temperature at points (1), (2), and (3), respectively is 


(1) 273 K, 546 K, 273 K 
(3) 273 K, 273 K, 273 K 
43. AH for the overall cycle is 
(1) +5.67 x 109 J (2) -5.67 x 103 J 
(3) -11.34 x 103 J (4) Zero 
44. AU for the process (1 — 2) is 
(1) 0.00 J (2) +3.40 x 103 kJ 
(3) -3.40 J (4) -3.40 x 10? J 


(2) 546 K, 273 K, 273 K 
(4) 546 K, 546 K, 273 K 


45. AU for the process (2 — 3) is 
(1) 0.00 J (2) +3.40 kJ 
(3) -3.40 kJ (4) None of these 
Paragraph 10 
Chemical reactions are invariably associated with the transfer of 
energy either in the form of heat or light. In the laboratory, heat 
changes in physical and chemical processes are measured With 
an instrument called calorimeter. Heat change in the process i. 
calculate as 
g=ms AT s = Specific heat 
= cAT c = Heat capacity 
Heat of reaction at constant volume is measured using bomb 
calorimeter. 
qy= AU = Internal energy change 
Heat of reaction at constant pressure is measured using simple 
or water calorimeter. 


qp = AH 
qp =qyt PAV 
AH = AU + AnRT 


46. Match List I with List II and select the answer from the 
given codes 


List I List II 

A. C(s) + 0,(g) > CO, (g) 1. AH - AU * RT 
B. N,(g) + 3H,(g) > 2NH,(g) 2. AH-AU 

C. NH,HS(s) > NH,(g) + H,S(g) 3. AH - AU- 2RT 
D. PCl(g) PCl(g)* Cl(g) 4. AH-AU-*2RT 
E. 2SO,(g) + 0,(g) > 280,(g) 5. AH - AU- RT 


Codes A B C D E 
(1) 1 2 3 4 5 
(2) 5 2 3 4 l 
(3) 1 3 4 2 5 
(4) 2 3 4 l 5 


47. The heat capacity of a bomb calorimeter is 500 J K7. 
When 0.1 g of methane was burnt in this calorimeter, the 
temperature rose by 2°C. The value of AU per mole will be 


(1) +2 kJ (2) -2 kJ (3)+260kJ  (4)-160 kJ 
48. For which reaction will AH = AU? Assume each reaction is 
carried out in an open container 


(1) 4CO(g) + 20,(g) —> 4C0,(g) 

(2) H,(g) + Br,(g) —> 2HBr(g) 

(3) C(s) + 2H,O(g) —> 2H,(g) + CO,(g) 
(4) 2PCI,(g) —> 2PCL,(g) + 2CL,(g) 


49. What value of AT should be used for the calorimetry 
experiment that gives the following graphical results? 


[99] A 
CA CA 
o o 
C C) 


Ww 
CA 

o 
e 


Temperature —> 


Time (min) — 


(2) 45°C 
(4) 35°C 
UE 


.halpy of fusion of ice is 6.02 KJ mol-!. The heat 
^C i mE =| pe ` 
« city of water is 4.18 J g^ Cl. What is the smallest 
“ape . 


"=z 
=> 


ci 
abe SA 
yii that are needed to cool 500 g of liquid water from 
ter, A" 
i (2)7 (3) 140 


Ds (4) 120 


graph 1 : : 

pies cim be obtained by using the following relation: 
M e ~ i 
aul Ay XBond energy of bonds, broken in the reactants 


_ Bond energy of bonds, formed in the products 


- depends on three factors: 


rest 


g JN energ 
DN ; Greter is the bond length, lesser is the bond energy. 
: Bond energy increases With the bond multiplicity. 
l , l 
| 1) Bond energy increases with the electronegativity difference 
il between the bonding atoms. 


ATE N—H, O—H, and F—H bonds in the decreasing 
- order of bond energy. 


() F-H> O-H>N—H  (2)N—H» O—H» F—H 
(3) O-H>N—H>F—H (4)F—H» N—H» O—H 
3), Bond energy of different halogen molecules will lie in the 
sequences 
(I) F,> Cl, > Br, > I, 
(3)1,>Cl, > Br, >I, 


(2) CL, > Br, > F,>L, 
(4) Br, >F, > L> Cl, 


53, Which among the following sequences is correct about the 
bond energy of C—C, C=C, and C=C bonds? 


(1) C=C > C=C > C—C 
2) C=C < C=C < C—C 
3) C=C > C=C > C—C 
(4) C=C > C—C > C=C 


4, In CH, molecule, which of the following statements is 
correct about the C—H bond energy? 


(1) All C—H bonds of methane have same energy. 
(2) Average of all C—H bond energies is considered. 
(3) Fourth C—H bond requires highest energy to break. 
(4) None of the above. 
55. Use the bond energies to estimate AH for this reaction: 
H (g) + O(g) — H,0,(g) 
Dew | eumd 


oo | 142 kJ mol! 
[0-0 | 499) mol! 


ao | 460 kJ mol! 


-127K (2)-109kJ (3)-400kJ (4) -800 kJ 


(1) 


. ~ o ^r A " i 1 
c of ice cubes at 0°C, each containing one mole of 


56. 
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' P "y 
The heat of formation of NO from its elements 15 | )0 kJ 
mol-!, What is the approximate bond dissociation energy 
of the bond in NO? 


BE yy = 941 kJ mol ! BE; = 499 kl mol | 
(1) 630 kJ mol"! (2) 700 kJ mol ! 
(3) 860 kJ mol! (4) 810 kJ mol ! 


Paragraph 12 


A change in the free energy of a system at constant temperature 
and pressure will be: 


57. 


58. 


59, 


60. 


61. 


ApG = Ay H-T AS 


At constant temperature and pressure 


Ayi? < 0 (spontaneous) 
AC = 0 (equilibrium) 
As > 0 (non-spontaneous) 
The free energy for a reaction having AH = 31400 cal, 
AS = 32 cal K~! mol! at 1000°C is 
(1) -9336 cal (2) -7006 cal 
(3) -2936 cal (4) +9006 cal 


For a spontaneous reaction AG, equilibrium K and E- will 


be, respectively 
(1) -ve, >1, +ve (2) -ve, «1, -ve 
(3) +ve, >1, -ve (4) -ve, >l, -ve 


For a system in equilibrium, AG = 0, under conditions of 
constant 


(1) Temperature and pressure (2) Pressure and volume 
(3) Temperature and volume (4) Energy and volume 


If both AH and AS are negative, the reaction will be 


spontaneous 
(1) At high temperature — (2) At all temperatures 
(3) At low temperature (4) At high pressure 


A reaction has positive values of AH and AS. From this vou 
can deduce that the reaction 


(1) Must be spontaneous at any temperature 
(2) Cannot be spontaneous at any temperature 
(3) Will be spontaneous only at low temperature 


(4) Will be spontaneous only at high temperature 


Paragraph 13 


Volume —3 


————— M N O 


| 
200 K 400 K 
Temperature —> 


Graph for one mole gas 


———— im 


62. Process 4 — > B represents 
(1) lsobaric (2) Isochoric 

(3) Isothermal (4) Isoentropic 

63. The pressure at C is 
(1) 3.284 atm 


(3) 1.0821 atm 


(2) 1.642 atm 
(4) 1.821 atm 
64. Work done in the process C — 4 is 
(1) 20.0 L-atm (2) 8.21 L-atm 
(3) 26.2 L-atm (4) 25.0 L-atm 
65. The process which occurs in going from, 8 —> C is 
(2) Adiabatic 


(4) Isochoric 


(1) Isothermal 
(3) Isobaric 


66. The pressures at 4 and B in the atmosphere are, 


respectively, 

(1) 0.821 and 1.642 (2) 1.642 and 2 

(3) 2 and 3 (4) 3 and 4 
Paragraph 14 


The thermodynamic property that measures the extent of 
molecular disorder is called entropy. Entropy change of phase 
transformation can be calculated using Trouton's formula 
(AS — AH/T). In the reversible adiabatic process, however, AS will 
be zero. The rise in temperature in isobaric and isochoric conditions 
is found to increase the randomness or entropy of the system. 
AS = 2.303C log(T//T.) 
67. The entropy change in an adiabatic process is 
(1) Zero (2) Positive 
(3) Negative (4) Remains same 
68. If water in an insulated vessel at -10?C suddenly freezes, 
the entropy change of the system will be 
(1) +20 JK"! mor! 
(2) -10 J K! mor! 
(3) Zero 
(4) Same to that of surroundings 
69. The melting point of a solid is 200 K and its latent heat of 
fusion is 400 cal mol"! The entropy change for the fusion 
of 1 mole of the solid (in cal K~!) at the same temperature 
would be 


(1) 800 (222 (3) 02 (4) 80 


70. For which of the following cases, AS = = ji 

(1) A process of which AC, = 0, but AC, - 0 

(2) An isothermal process 

(3) An isobaric process 

(4) An isothermal reversible phase transition process 


71. When 1 mol of an ideal gas is compressed to half of its 
volume, its temperature becomes double. Then the change 


in entropy (AS) would be 
(1) C,In 4 (2) C, In2 
(3) CLR In 4 (4) (C, - R) In4 x Cp 


The pressure-volume of various thermodynamic Procegg 


Paragraph 15 


; €s ig 
shown in graphs: 


^ Isobaric 
1 Praia [sothermal 
. — Adiabatic 


Isochoric 


Volume —> 


Work is the mode of transference of energy. It has p - 
observed that reversible work done by the system is the maximum 
obtainable work. 

Wrev i Wier 

The works of isothermal and adiabatic processes are differen, 
from each other. 


V 
Wisothermal reversible = 2.303nRT logi G 


- 2 303nRT logio =] 


l 
W adiabatic reversible — CK T, ~ T») 

72. If w, W, w,, and w, are work done in isothermal, adiabatic, 
isobaric, and isochoric reversible processes, respectively 
then the correct sequence (for expansion) would be 
(1) w; < w, < w3 < W4 (2) w, =w, = Ww, =w, 

(3) w, < w, < w4 < W} (4) w, > w, > w, > w, 

73. A thermodynamic system goes in a cyclic process as 

represented in the following P-V diagram: 


Pressure —> 


Volume —> 
The network done during the complete cycle is given by the 
area 
(1) Cycle ACBDA (2) AA,B,BDA 
(3) AA,B,B (4) Area not bounded by curve 


74. P-V plots for two gases during adiabatic processes are given 
in the given figure: 


Pressure —> 


D 
C 
Volume —> 
Plot D and Plot C should correspond to 
(1) He and O, (2) He and Ar 
(3) O, and He (4) O, and N, 


d 


4 value and work done in isother 


a Thermodynamics 6.107 
nal reversible — 


* T „sion of one mole of an ideal gas from initial pressure 5. | Column I im Ir 
a bar to final pressure of 0.1 bar at Constant temperature | | (Reaction) (Process) 
pn | | l 
pK ar: .| C(s) +—0,(g) 2 CO( . Combustion 
Ms y2 k], -5.22 KI (2) +6.22 kJ, 622 ky D (9 * ; Ox) g) |P | 
Ui 1 5.221 (4) -6.22 J, -6.29 } | ‘aati 
Mts KM b. C = .| Neutralisation 
s jculatt work done when 1 mole ofan ideal gas is expanded CO(g) + 2 Ox(g) > C18) j a a gi 
^ r versiblY from 30 L to 60 Lata Constant temperature of NaOH(aq) + HCl(aq) =] i Process of 
TUN NaCl(aq) + HO | formation 
MTS KJ (2) -1.73 kJ kag) FH ER —— 
S 10.73 Nl (4) -9.78 kJ s. Used in fuel cell 


Column II 


y, Match Type Ill 6. 


tio contains questions each with two columns— and II. 
a she items given in column I with that in column II 
vk i 


[ INNEN 


- AE 
CL Ra CR D 
D-1 
ect o 


aa q.| temperature on the 
z =] heat of reaction 
A fusio H 
Mm raus 
mp 
Ner opm 
T—0K 


Trouton equation 


Column I 
For spontaneous reaction 


p. 


X(BE), - (BE), | 


For endothermic reaction 


: F | 
jati .| Kirchhoffs equation - 
Bond dissociation energy 


For solids and liquids in a 
thermochemical reaction 


Third law of 
thermodynamics 


1 
, Column I | Column II n 
a . | (Heat of formation)... — . | Heat of reaction 
A) =o Isoth (Heat of formation), 
A lay) = p. | Isothermal process eat of formation) stcutated 
p. W=-AU q. | -nFE? b SRL Rea F a; sonics | 
c AU=0 | T. | Adiabatic reaction | [Imi | [memo 
à AG? (S. van der Waals gas à om B combustion == T] e us | 
ES... ^— ——— Tu on Products | 
: | -—"*i | 
e e z0 t. Ideal gas d.| C, AT s. Used in | 
OP? y L || | calorimetric — 
Meis - : - | (method 
i Column I — Column II al T odumep oar —. 
i Joule-Thomson | (au l | dle. BE z "E 
coefficient P. a -0 a. Amount of heat required | p. | Specific heat x 
ET Mucio REA to raise the temperature | Molar mass 
b. Kirchhoff’s equation q.- (2. )=0 E eee O | 
EN M RT | p.| AH AU it Heat capacity 
Maga a (Al) cac tartar e Cray 
[^ T p P c. | Heat evolved in the r. | Electron gain 
i. RENS p UNE PAM | combustion of | g of enthalpy 
0. Inversion temperature | s. Es ae LLL NM | | 
"RN i OP/ y Cp | d. | Heat evolved when an s. | Calorific value i 
extra electron is added 
4, Column] Column Il — to valence shell of an 
ee _ | Isolated gaseous atom 
q. State function —— >| | Column | [Commn ^ | 
; r. Path function - N ie Au > 0 * | Waseta done by system, 
; d b. Avi <0 q. | Second law of 
uites thermodynamics 
|" ACAT, - T) r. | Non-spontaneous 


AU > AnRT 
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10. Column I . Column II 
a. Hess’ law p. 2.303 jog =| B z 
P RANG 
b. Combustion q. AH-S8JK mol! —— 


reaction 


Boiling point in Kelvin 


€. Írouton s law 


r. Exothermic 


d. Ciaustus-Cal- 


s. AH remains the same 


peyron equation — irrespective steps 
l1. Column I Column II 
a. Enthalpy p. Inirinsic property 
b. Temperature q. Path function 
c. Free energy r. Function of U. P. V 
d. Work s. State function 
12. Column I Column II 


a. Temperature of a 


c. Temperature of the 
system increases 


p. CH,=CH—CH=CH, | 


. Internal energy 
q- increases 


r. Ideal gas 


d. AH, ion (caperiméanr) P  Adiabatic expansion 
< AH hydrogenation (calculated) 
13. Column I Column II 
a. AU-0, AH- 0 p. CH;—CH,(g) + H,(g) 
—— CH,CH,(g) 
b. AH --ve q. For reversible process 
€ | Asi 7O r. Non ideal solutions with 
negative 
d.| AG... 7 —e s. For an ideal gas undergo- 
ing expansion isothermally 
14. Column! Column II 
a. AS >0 p. Spontaneous 
(Isolated system) 
b. AG<0 q. Non-spontaneous 
photochemical reaction 
€ Apu = 0 r. Equilibrium 
d. (AG,70 — s Non-spontaneous | 
15. Column! - | Column II 
D T - — — OET — — lI— 4 


la. | Isothermal process p. 
| (reversible) 


Ji 


w= 2303nRT 1og| 2 
P, 


| b. Adiabatic process | q. 


1 —. 


+ 


PV! = constant 


Gj w= 


nR 


(T, -T) r w=2303nRT log P: 
My Jj 


y-! 


d. Irreversible isothermal s. w =—P_/{ M y) i 


process 
16.  ColumnI Column II ae 
(Quantity) (Relation) Te 
a. AG p. -FEor-nFE- —— 
b. AG- q- AH-TAS — mac 
€. worw ax r|-RTlgk — ——. 
d. AS? s. 2.303nR log. A 
F) 
UOU 
17. Column I Column II 
[-lywaner 9 (Thermodynamics ——— 
(Gas) (Thermodynamic 
property) 
a. O, p-iY7 14 
| _ ur 
b. N, q. Cp= 5 
23 
C. | CO,, CH, r. v^ 


18. 


19. 


20. 


d. 1 mol O, *2molO, s. y=1.33 
Here: C, = Heat capacity at constant pressure 
1-7 CIC, 


Column I Column II 
(Reaction) (Relation) 
a. Ho(g)* Ch(g) — 2HCKg) p. AH - AU - RT 
b. Nj(g)* 0,(g) = 2NO(g) q. AH- AU 
c. Hg)-*L(g)-—2Hl(g r. AH = AU -2RT 
d. N,(g) + 3H,(g) = 2NH,(g) s. Forward shift by 
increasing pressure 
Column I Column Il 
(Reaction) ( Relation) 
|a. | N,(g) + 0,(g) > 2NO(g) p |AS =0 


paee 


b. 2KI(aq) + Hg (aq) > K, [Hel] (eq) | q. AS<0 
c. | PCI,(g) + Clg) — PCI,(g) | 
d. NH,(g) + HCI(g) > NH,Cl(g) 


a. O, 


[oo a 


b. N, 
L = 


c. CO, 


EE 
d. 1 mol O, +2 mol O, 


Column I | Column I | 
EO eic T DENEN LS 


ae 


— ER 
e Colum 
| comal -- —— -—- 1 


on SS (1 
du ornenmal proce P w= 2.303nR7 top|) 
$ reversible) Ls " 

edabatic process | q. w= 0 


M reversible) - 


—— 


L7. TE. ec | Md , 
aainbatic fe & hws HORT top| 22) 
" expansion | j 1 


| jeothermal free S. | Ww= nR (T. 


-1 
d. expansion (y-)`? ) 


RT aee | 


Column 1 Column II 
» Zhe amount of energy which |p. | Chemical 
" must be invested in reaction to) | equilibrium 
{state in which the rateof |q. | Activation 
: forward reaction is exactly energy 
equal to the rate of the reverse 
reaction. 
<A process or reaction which |r. | Endothermic 
consumes heat. 
q, A process or reaction that s. | Exothermic 
releases heat. 
t. | Threshold 
Energy 
4.  ColumnI Column II 
a. Exothermic p. Hp- H, 
b. Endothermic q. AH is negative 
c. Spontaneous ir. AH is positive 
d. Heat of reaction s. AG is negative 


^ Column I ‘Column II 
a. Gibbs-Helmholtz “Ip. Degree of randomness 


| 


reaction 

b. First law of q. AH=AU+ PAV 
thermodynamic 

t. Enthalpy at constant | r. Law of conservation of 
pressure energy 

d. Entropy Ts. IAG =AH-TAS 

ee —] = = = 

15  ColumnI [Column II 

Pi oL 

4. A process carried out p. | Adiabatic 
infinitesimally slowly 


b. A process in which |q, AG=0 
no heat enters or 
leaves the system 


^| A process carried out | r. Sublimation 
at Constant temperature 

d. A process in 
equilibrium 
* Als) > Alg) 


A994 Te Reversible = 
‘| Cyclic Process Im Isothermal . 


s. | AU- 0, AH =0 


26. 
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| Column I (Column n | 
(Thermodynamic | (Relation) | 
properties) | | | | 
| P. RT log K | 
| | ar^ (£^ E | 
q. Tp | 
L | | 
|r. -nFE | 
Eds 
= 
$.|-|— 
| oT } p 
| | Column II 
Spontaneous process T _| AH = -ve 
> 


Heat flow from high 
temperature of system towards 
low temperature of surroundings 


q. | AG = *ve 


Increase in the randomness of 
system by heating 


Numerical Value Type Ill 


1. AH? of Cyclohexene (1) and benzene at 25°C is -156 and 


G2 


Az 


Un 


[a 


+46 kJ moll, respectively. A 


1 C 19 KJ mol"! TRE i a of cyclohexene 
(1) at 25°C is -1 mort 


Resonance energy of benzene is found to be -38x kJ mol. 
Find the value of x. 


. Bond dissociation energy of XY, X», and Y, (all diatomic 


molecules) are in the ratio of 1:1:0.5 and AH, of XY is 


-100 kJ mol". The bond dissociation energy of X, is 100x. 
Find the value of x. 


. The polymerisation of propene to linear polypropene is 


represented by the reaction 
( rs ) ( Ta Y 
"CH = cu) ——» | cn — cm) 


n 
where n has large integral value, the average enthalpies 
of bond dissociation for (C=C) and (C—C) at 298K are 
+590 and +331 kJ mot", respectively, The enthalpy of 
polymerisation is -360 kJ mol". Find the value of n. 


i ALT? of hypothetical MgCl is -125 kJ mol and for MgCl, 


is -642 kJ mol". The enthalpy of disproportionation of 
MgCl is 49x, Find the value of x. 


. The lattice energy of solid KCl is 181 kcal mot! and the 


enthalpy of solution of KCI in H,O is 1.0 keal mol, If 
the hydration enthalpies of K® and CI? ions are in the 
ratio of 2:1 then the enthalpy of hydration of K® is 
-20x K cal mol”, Find the value of x. 


. A heated iron block at 127°C loses 300 J of heat to the 


surroundings which are at a temperature of 27°. This process 
is 0.05x J K^. Find the value of x. 


6.110 Physical Chemistry BEEN nee — 
7. Amongst the following, the total number of reactions/ a. Density — b. Viscosity €. Surface tension 
processes in which the entropy increases are: d. Dipole moment e. Volume 
a. 2NaHCO,(s) —> Na,CO,(s) + CO,(g) + H,O) f. Refractive index g. AG 
h. AH i. AU j. ^5. 


b. A liquid cvrstallises into a solid. 


c. Temperature of eystalline solid is raised from zero K to 9, Amongst the following in Q. 8 above, mention the total 
100 K. number of intensive physical properties. 

d. Hard boiling of an egg. 10. In the process: 

e. Devitrification of glass. H,O (s), ~10°C, I atm) — H,O (/, 10°C, I atm) 

f. Stretching of a rubber band. C, for ice = 9 cal deg ! mol s C, for H,O = 18 cal deg ! 
g. Desalination of water. mol-!. Latent heat of fusion of ice = 1440 cal mol! at Up 
h. NH,(g. 10 atm) — NH,(g. | atom) ne vd change for the above process is 6.258 cal, deg ! 

mol". 


$. Amongst the following. the total number of physical 
g Give the total number of steps in which the third law of 


properties which are extensive are: pe 
thermodynamics is used. 


Il Archives il 


(1) 383Jmol!K! — (2) 35.8 J mol! K”! 
JEE MAIN (3) 32.3Jmol!K-! — (4) 42.3 Jmol! K^! 
Single Correct Answer Type | (AIEEE 2011) 
1. In a fuel cell. methanol is used as fuel and oxygen gas is 6. In view of the signs of A,G? for the following reactions 
used as an oxidizer. The reaction is PbO, + Pb > 2 PbO, AG? <0 
+ O, A.G°>0 
CH.OH() + 2.0,(g) > CO,(g) + 2H, 10) bes ia 
: 2 * Which oxidation states are more characteristic for lead and 
A1298 K standard Gibbs energies of formation for CH;OH(l), tin? 
H.I(T). and CO.(g) are 166.2, 237.2, and -394.4 kJ mol, (1) For lead + 4, for tin + 2 
respectively. If standard enthalpy of combustion of methanol (2) For lead + 2, for tin +2 
is -726 kJ moll, efficiency of the fuel cell will be (3) For lead + 4, for tin + 4 
(1) 80% (2) 87% (4) For lead + 2, for tin + 4 (AIEEE 2011) 
(3) 90% (4) 97% (AIEEE 2009) 7. The value of enthalpy change (AH) for the reaction 
2. On the basis of the following thermochemical data C,H,OH(I) + 30,(g) — 2CO,(g) + 3H,0(1) 
[AG'H (ag) = 0] . at 27°C is —1366.5 kJ mol". The value of internal energy 
H,O(1) ^ H* (ag) + OH (ag); AH = 57.32 kJ change for the above reaction at this temperature will be 
wi TER (1) -1371.5 kJ (2) -1369.0 kJ 
He) 7, O;(6) > EO; AH =-286.02 kl (3) -1364.0 kJ (4) -1361.5 kJ 
The value of enthalpy of formation of OH" ion at 25°C is (AIEEE 2011) 
(1) 222.88 kJ (2) -228.88 kJ 8. Consider the reaction, 
(3) +228.88 kJ (4) -343.52 kJ 4NO,(g) + O,(g) > 2N,0,(g), AH = -111 kJ. If N,0;() 
(AIEEE 2009) is formed instead of N,O,(g) in the above reaction, the AH 
3. The standard enthalpy of formation of NH, is—46.0 kJ mol’. value will be 
If the enthalpy of formation of H, from its atoms is 436 (Given, AH of sublimation for N,O, is 54 kJ mol) 
kJ mol"! and that of N, is -712 kJ mol !, the average bond (1) -165 kJ (2) *54 kJ 
enthalpy of N-H bond in NH, is (3) +219 kJ (4) -219 kJ 
(1) -964 kJ mol ! (2) +352 kJ mol”! (AIEEE 2011) 
(3) +1056 kJ mol ' (4) -102 kJ mol! 9, The incorrect expression among the following is 
(AIEEE 2010) NG oun 
Syster 
4. For a particular reversible reaction, at temperature T, AH rr mmis d 
and AS were found to be both +ve. If 7, is the temperature a | 
at equilibrium, the reaction would be spontaneous when (2) in isothermal — 
(1) T 7 T ; (2) T f, | P ravanibis --nRT In — 
(3) T, is 5 times T (4) T7 T, V, 
(AIEEE 2010) 3) InK= AH — T AS" 
5. The entropy change involved in the isothermal reversible l RT 
expansion of 2 mole of an ideal gas from a volume of 10 dm? (4) K sg SGT (AIEEE 2012) 


to a volume of 100 dim? at 27°C is 


wad oth 00h na ar cuo oe 
<a filled with 0.04 mol of an ideal gas expands 
"E ‘sib from 50.0 mL to 375 mLata Constant temperature 

qM (9C. As it does so, it absorbs 208 J of heat. The values 


"E d Jl for the process will be (R = 8 314 j/ mol K, In 


4 


o 201) 
7o 24208, 7— 208) 
QUO sog W=- 208) 


"2081. = 208] 
jc TA 
My 7 08 W= 208] (JEE Main 2013) 
( the complete combustion of ethanol, 
C 
"HOH + 30, (e) > 2CO, (g) + 3H,0(1) 
ki amount of heat produced as measured in bomb 
„Jorimeter is 1364.47 kJ mol! at 25°C, Assuming ideality, 
is enthalpy of combustion, A-H for the reaction will be [R 
-§314 IK mol] 
" 366.95 kJmol! — (2) -1361.95 kJ mor! 
6) -1460.50 kJ mol! — (4) -1350.50 kJ mol"! 


(JEE Main 2014) 
The following reaction is performed at 298 K 
- Nole) +O, > 2NO,(g) 
The standard free energy of formation of NO(g) is 86.6 kJ/ 
molat 298 K. What is the standard free energy of formation 
of NO,(g) at 298 K? (Kp= 1.6 x 1012) 
(1) R(298) In (1.6 x 102) — 86600 
(2) 86600 + R(298) In (1.6 x 102) 
In(1.6 x 10") 
R(298) 
(4) 0.5 [2 x 86,600 — R (298) In (1.6 x 1012) 
(JEE Main 2015) 
3, The vapour pressure of acetone at 20°C is 185 torr. When 
1.2 g of a non-volatile substances was dissolved in 100 g 
of acetone at 20°C, its vapour pressure was 183 torr. The 
molar mass (g mol") of the substance is 
(1) 32 (2) 64 
(3) 128 (4) 488 (JEE Main 2015) 
I4. The heats of combustion of carbon and carbon monoxide 
are -393.5 and —285.5 kJ mol", respectively. The heat of 
formation (in kJ) of carbon monoxide per mole is: 
(1) -110.5 (2) 110.5 
(3) 676.5 (4) —676.5 
(JEE Main 2016) 


— 


(3) 86600 — 


IS. AU is equal to: 
(1) Isochoric work 
(3) Adiabatic work 


(2) Isobaric work 
(4) Isothermal work 
(JEE Main 2017) 
l6. Given 
“gapti + Og) — CO,(g); 
AP = -393.5 kJ mol! 


Hyg) + 5 Ox) —> H,0(/) 


AHP = 285.8 kJ mol"! 

CO,(g) + 2H,0() —> CH,(g) + 20,(g); 

AH =+ 890.3 kJ mol! 

Based on the above thermochemical equations, the value of 
pi? at 298 K for the reaction 


(a 
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+ 2H,(g) — CH (g) will be: 
I (2) +144.0 kJ mol ! 
(4) -144.0 kJ mol! 
(JEE Main 2017) 


C graphite) 


(1) 74.8 kJ mol”! 
(3) -74.8 kJ mol | 


. The combustion of benzene (I) gives CO,(g) and H,O(l). 


Given that heat of combustion of benzene at constant konm 
is 3263.9 kJ mol"! at 25°C; heat of combustion (1n kJ mol ) 
of benzene at constant pressure will be - (R = 8.314 JK 


mol!) 
(1) -452.46 (2) 3260 
(3) -3267.6 (4) 4152.6 
(JEE Main 2018) 
JEE ADVANCED 


Single Correct Answer Type 


1. 


The bond energy (in kcal mol!) of a C—C single bond is 

approximately 

(1)1 (2) 10 (3) 100 (4) 1000 
(IIT-JEE 2010) 


. The species which by definition has zero standard molar 


enthalpy of formation at 298 K is 


(1) Brg) | (2)CL(g (3) H,O(g) (4) CH,(2) 
(IIT-JEE 2010) 
3. Using the data provided, calculate the multiple bond energy 


Un 


N 


(kJ/mol) of aC = C bond of C,H,. That energy is (take the 
bond energy of a C-H bond as 350 kJ/mol) 


2C(s)-- H,(g) — C,H, (g) AH = 225 kJ/mol 
2C(s) — 2C(g) AH = 1410 kJ/mol 
H,(g) — 2H(g) AH = 330 kJ/mol 
(1) 1165 (2) 837 


(3) 865 (4) 815 (IIT-JEE 2012) 


. A piston filled with 0.04 mol of an ideal gas expands 


reversibly from 50.0 mL to 375 mL at a constant temperature 

of 37.0°C. As it does so, it absorbs 208 J of heat. The values 

of q and w for the process will be : 

(R = 8.314 J/mol K) (In 7.5 = 2.01) 

(1) q=-208 J, w=-208J (2) q=-208 J, w=+208 J 

(3) q = +208 J, w= +208 J. (4) q = +208 J, w = -208 J 
(JEE Advanced 2013) 


. The standard enthalpies of formation of CO,(g), H,O(l) and 


glucose (s) at 25°C are -400 kJ/mol, — 300 kJ/mol and -1300 
kJ/mol, respectively. The standard enthalpy of combustion 
per gram of glucose at 25°C is 


(1) +2900 kJ (2) -2900 kJ 
(3) -16.11 kJ (4) *16.11 kJ 
(JEE Advanced 2013) 
. For complete combustion of ethanol, 


C,H OH(I) + 30,(g) —9 2CO,(g) + 3H,0(1), 

the amount of heat produced as measured in bomb 
calorimeter, is 1364.47 kJ mol at 25°C. Assuming ideality 
the enthalpy of combustion, ACH, for the reaction will be : 
(R = 8.314 kJ mol!) 
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(2) -1350.50 kJ mol! 
(4) -1361.95 kJ mol"! 
(JEE Advanced 2014) 


(1) -1460.50 kJ mor"! 
(3) -1366.95 kJ mor! 


ÉB 


For the process 
H,O(1) —> H,O(g) 
at T = 100°C and 1 atmosphere pressure, the correct choice 


iS 


(1) AS, stem > 0 and AS. rounding > © 
(2) AS, iem > 0 and AS rounding < 0 
(3) AS. stem <9 and AS. rounding Y 
(4) AS, ae < 0 and AS. rounding <9 
(JEE Advanced 2014) 


. One mole of an ideal gas at 300 K in thermal contact with 
surroundings expands isothermally from 1.0 L to 2.0 L 
against a constant pressure of 3.0 atm. In this process, the 
change in entropy of surroundings (AS, ) in JK”! is : 
(1 L atm = 101.3 J) 


sult: 


(1) 5.763 (2) 1.013 
(3) -1.013 (4) -5.763 
(JEE Advanced 2016) 


. The standard state Gibbs free energies of formation of 
C(graphite) and C(diamond) at T = 298 K are 
A,G° [C(graphite)] = 0 kJ mol"! 
AG^ [C(diamond)] = 2.9 kJ mol"! 
The standard state means that the pressure should be 1 bar, 
and substance should be pure at a given temperature. The 
conversion of graphite [C(graphite)] to diamond 
[C(diamond)] reduces its volume by 2 x 10% m? mol". If 
C(graphite) is converted to C(diamond) isothermally at T — 
298 K, the pressure at which C(graphite) is in equilibrium 
with C(diamond), is 
[Useful information : 1 J=1kgm*s~*; 1 Pa = 1 kg m! s; 
1 bar = 10° Pa] 
(1) 14501 bar 
(3) 58001 bar 


(2) 29001 bar 


(4) 1405 bar 
(JEE Advanced 2017) 


Multiple Correct Answers Type 
1. For an ideal gas, consider only P-V work in going from 
an initial state X to the final state Z. The final state Z can 
be reached by either of the two paths shown in the figure. 
Which of the following choices is (are) correct? 
[Take AS as change in entropy and w as work done]. 


P(atmosphere) 


V (litre) 


+ AS 


yz 


(1) AD xy E AS. sy 


(QM WT Wos 
(3) Wisyaz m eas 
(4) AS, ,,.,, 7 AS, y 


xy 


xyz 


(IIT-JEE 2949) 


2. The reversible expansion of an ideal gas under adiabatic and 
isothermal conditions is shown in the fitgure. Which Of the 
following statement(s) is (are) correct? 


(P, V, Tj) 


isothermal 


P5, V5 Tj) 


adiabatic (P,.V,, T, 


(1) T, =T, 

(2 T4» T, 

(3) Wisothermal > Wasiabatic 

(4) AU sothermal P AU ,iispatic (IIT-JEE 2012) 
3. For a reaction, A = P, the plots of [A] with time at 

temperatures T, and T, are given below. 


— 
© 


CA 
l 
I 
| 


[P]/(mol I!) 


L = = æ æ e I i u ee 


If T, > T,, the correct statement(s) is (are) (Assume AH? 
and AS? are independent of temperature and ratio of InK at 
T, to InK at T, is greater than Ts. Here H, S, G and H are 
enthalpy, entropy, Gibbs energy and equilibrium constant, 


respectively). 
(1) AH? < 0, AS? < 0 (2) AG? < 0, AH? > 0 
(3) AG? < 0, AS? < 0 (4) AG? < 0, AS® > 0 
(JEE Advanced 2018) 


Linked Comprehension Type 

Paragraph 1 

A fixed mass ‘m’ of a gas is subjected to transformation of states 
from K to L to M to N and back to K as shown in the figure. 


Pressure 


Volume —» 


<The succeeding operation that enable this transformation of 
' states are 
T Heating, cooling, heating, cooling 
» Cooling. heating, cooling, heating 
Heating, cooling, cooling, heating 
(4) Cooling, heating, heating, cooling 
The pair of isochoric processes among the transformation 
of states 1S 
(1) K to L and L to M 
3) L to M and M to N 


(2) L to M and N to K 
(4) M to N and N toK 
(JEE Advanced 2013) 
paragraph 2 : 
100 mL of 1.0 M HCI was mixed with 100 mL of 1.0 M 


0H in an insulated beaker at constant pressure, a temperature 


ud of 5.7°C was measured for the beaker and its contents 
I 

expt. D- 
«ith a strong base is a constant (757.0 kJ mol`’), this experiment 


ould be used to measure the calorimeter constant. 

Inasecond expen (Expt. 2), 100 mL of 2.0 M acetic acid 
K.=2.0x 107) was mixed with 100 mL of 1.0 M NaOH (under 
identical conditions to Expt. 1) where a temperature rise of 5.6°C 
was measured. 

(Consider heat capacity of all solutions as 4.2 J g! K^! and 
jasity of all solutions as 1.0 g mL7!.) 


3, Enthalpy of dissociation (in kJ mol’) of acetic acid obtained 
from the Expt. 2 is 


(1) 1.0 (2) 10.0 (3) 24.5 (4) 51.4 
4. The pH of the solution after Expt. 2 is 

(1) 2.8 (2) 4.7 (3) 3.0 (4) 7.0 

(JEE Advanced 2015) 
Matrix Match Type 

1. Match the transformation in column I with appropriate 

column II. (IIT-JEE 2011) 
|. (Column I Column II 


Phase transition 


Allotropic change 


AS is negative 


p- 
q. 
r. 


a. CO,(s) > CO,(g) 
_b. CaCO,(s) — CaO(s) + CO,(8) 


Le a > Hy) 


d. 
P aiii solid) -=> y solid) 


S. 
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2. Match the thermodynamic processes given under Column 
| with the expressions given under Column II. 


Column r Column IT 


a. Freezing of water at 273 K and | atm (p)qg=9 


b. Expansion of | mol of an ideal | (q) w= 0 
gas into a vacuum under isolated 
conditions 


c. Mixing of equal volumes of two | (r) AS ys <0 
ideal gases at constant temperature 
and pressure in an isolated container 


a 


d. Reversible heating of H,(g) at | atim | (s) AU = 0 
from 300 K to 600 K, followed by 
reversible cooling to 300 K at | atm 


(AG =0 


(JEE Advanced 2015) 


Numerical Value Type 

1. In a constant volume calorimeter, 3.5 g of a gas with 
molecular weight 28 was burnt in excess oxygen at 
298.0 K. The temperature of the calorimeter was found to 
increase from 298.0 K to 298.45 K due to the combustion 
process. Given that the heat capacity of the calorimeter is 
2.5 kJ K`, find the numerical value for the enthalpy of 
combustion of the gas in kJ mol. 

(IIT-JEE 2009) 

2. The surface of copper gets tarnished by the formation 
of copper oxide, N, gas was passed to prevent the oxide 
formation during heating of copper at 1250 K. However, 
the N, gas contains | mole 96 of water vapour as impurity. 
The vapour oxidises copper as per the reaction given below: 


2Cu(s) + H,O(g) —> Cu,(s) + H,(g) 
pH, is the minimum partial pressure of H, (in bar) needed 
to prevent the oxidation at 1250 K. The value of In (pH,) is 


(Given: total pressure = | bar, R (universal gas constant) = 
8 JK-! mol, In(10) = 2.3. Cu(s) and Cu,O(s) are mutually 
immiscible. 
At 1250 K: 2Cu(s) + %0,(g) > Cu,O(g); 

AG? = —78,000 J mol! 
H,(g) + 2 O(g) > H,O0(8): AG? = —1,78,000 J mol; G is 
the Gibbs energy) 

(JEE Advanced 2018) 


E 2 Beyo c 


Reses 
Single Correct Answer Type 
l 2) » (2) 3. (1) 4. (3) 5. (4) 
: G T7. (0) 8. Q) 9. (4) 10.6) 
ao — 450), 10) EE 
D 17.3) 1&0) 190) 20. Q) 


3.0) 222 BD AW 25. (3) 
265.0) 22.00 BAO — 29 Q) 30.0) 
31.) 320) 3*0) 34. (2) 35.0) 
36. (2) 37-2) 38 (9 39. (1) — 40. (4) 
ay (0 4.0 8A 44. (3) | 45.) 
icy amc AO eo m Q) 
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51. (D 52. (1) 53. (2) 
56. (2) 57. (4) 58. (3) 
61. (2 62. (4) 


Multiple Correct Answers Type 


I. (2.4) 2. (2.3.4) 
4. (1.2.3) &. (1. 2. 3) 
LO (2.3.4) S. (1. 2. 3. 4) 
10. (2.3. 4) Il. (2. 4) 
13. (1.2) 14. (4) 
16. (1.3.3) 17. (1,2) 
19. (1.2.3) 20. (1.3) 
22. (1.2) 23. (2.3) 
25. (1.2) 26. (1.3) 
28. (1.2) 29. (1. 2) 
St. (2.3. 4) 32. C1; 2, 3) 
34. (1. 3.4) 35. (1. 2. 3. 4) 
37. 123.4) 38. (1.2. 3. 4) 
40. (1.2.3) 41. (2, 3, 5) 
43. (3.4) 44. (1.3, 4) 
46. (2.3) 47. (2. 4) 
49. (2.3) 50. (1.2, 3. 4) 
SZ. (1; 2,3) 
Linked Comprehension Type 
1. (2) 2. (1) 3. (3) 
6. (2) 7. (2) 8. (4) 
11. (2) 12. (2) 13. (4) 


16. (1) 17. (4) 18. (1) 
21. (4) 22.0) 23. (2) 
26. (4) 27. (3) 28. (4) 
31. (2) 32. (3) 33. (2) 
36. (4) 37. (4) 38. (3) 
41. (3) 42. (1) 43. (4) 
46. (4) 47. (4) 48. (2) 
51. (1) 52. (2) 53. (2) 
56. (1) 57. (1) 58. (1) 
61. (4) 62. (2) 63. (2) 
66. (1) 67. (1) 68.(3) 


71. (2). 72.(4)  73.() 
76. (2) 


Matrix Match Type 


54. (3) 
59, (1) 


s " 
iw d 
— 


y N N 


N N N N € 


55. (1) 


60. (2, 4) 


, , 
Ww Wh 
= w 


- 
— ami 
A uU A BR WwW Ww 
— — uA Lo 


€ lpr] or AES 
hs q pr | per prs sate 7 
8. | pq | ap s r aids di 
10. s r q p Bi prr e 
IH. r p 
12. s 
Pa| 


BREE 


— 
A 
vk 


Ld o 
a 


Will I 


Ju mma 


t 
. N 


t2 N 
U pv 


= 
- 


27. rs p.r,s| q q, r 
Numerical Value Type 
1. (4) 2. (4 3. (5) 4. (8) 5. (6) 
6. (5) 7. (4) 8. (5) 9. (5) 10. (2) 
ARCHIVES 
JEE Main 
Single Correct Answer Type 
1. (4) 2. (2) 3. (2) 4. (2) 5. (1) 
6. (4) T. (3) 8. (1) 9. (3) 10. (1) 
11. (1) 12. (4) 13. (2) 14. (1) 15. (3) 
16. (3) 17. (3) 
JEE Advanced 
Single Correct Answer Type 
1. (3) 2. (2) 3. (4) 4. (4) 5. (3) 
6. (2) 7. (2) 8. (3) 9. (1) 


Multiple Correct Answers Type 
1. (1,3) 2. (1,4) 3. (1,3) 
Linked Comprehension Type 
1. (3) 2. (2) 3. (1) 4. (2) 
Matrix Match Type 
l. (a > p, r, s; b > r, s; € > t; d > p, q, t) 
Be (a >r, t; b > p,q, $; € > p, q, $; d > s, t) 
Numerical Value Type 
1. (9) 2. (-14.6) 


Law of mass action: It was given by Guldberg and Waage. It 
js à theoretical concept which states that the rate of reaction 
;s directly proportional to the product of molar concentration 
of reactants with each concentration term raised to the power 
equal to the stoichiometric coefficient of the species in the 
balanced equation. 


" Equilibrium constant (K): It is the ratio of the velocity 
constants of forward reaction to that of backward reaction. 


For an equilibrium: aA + bB. === cC + dD 
y- etter 
[A] [B] 
. Stoichiometric representation of equilibrium constant 
Chemical reaction 2 


we 


Equilibrium constant 


nuper c HD K 
R= UE 


EUN N 


nA + nB ——— nC + nD 


| 
K = (KJ | 


i 2A+2B—>D ‘ok 
it A + B— C odis 
lil. A--B—— D-C EK? 


Equation (iii) is obtained by subtracting equation (11) from 
equation (1) 


Chemical Equilibrium 


EET SN 


y K, = K (RT) 
and K 2 K (py 
If An=0,then K,-K.-K, 
An =+ve; E CUEGE —K. 


-— s "d P. ow 
An = —ve; EK, SEEK E, 


. Degree of dissociation (0): It is defined as the fraction 


of the total number of molecules dissociated into simpler 
molecules at particular temperature. 


Number moles dissociated 
or a= ——————— 
Total number of moles taken 


a. Calculation of degree of dissociation from density 
measurements: 


D — d 
(n — Dd 


where d — observed vapour density at a particular 
temperature 


D = Vapour density when there is no dissociation. 
n = Number of molecules of products 
M-m 
or a = ——, 
(n—1)m 


Where, M = initial molecular mass 
m — molecular mass at equilibrium 
n = number of molecules of products 


b. Calculation of degree of dissociation using pressure- 
temperature relation: 


= 


k= ah a- IE - BR 
2 DB 
Lk A+B m ] A , 
j —>C l 6. Reaction quotient (Q): The ratio of the product of molar 
ï 2A+B8—>D č Kf SM ¢ ##* Z S concentration of the products to the product of molar 
lii. 3A73B C+D E concentrations of reactants with each concentration term 
acc =T O oo L 


ised to the power equal to the stoichi i j 
BeusBen (2) fa akta n i l raise > po q e stoichiometric coefficient 
" ation (iii) is obtained by addition of equations (i) and of that species is called reaction quotient. 


em At equilibrium, Q = K 
DER K, x K, 


At concentrations other than equilibrium O#K 
a, l 


In equilibrium constant, if activities are used in place of 


molar concentrations. k becomes dimensionless (1.e., it 
has no units). 


4, tj 1 a 
Relationship between K,, K , and K, 


j equilibrium constant in term of pressure) e 


bh 


If Q > K, the reaction will proceed in the direction 
reactants. 


If Q « K, the reaction will proceed in the product 
direction. 


If Q =K, the reaction is at equilibrium. 
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-AH | 1 1 mem. 
7. log K, - log K, = zug = ak Here T, > T, 


2.303 R|D T 


When AH = 0. i.e.. heat of reaction at constant volume is 
zero. 


= K, = K, 

When AH = +ve, i.e.. endothermic reaction 
= K, >K ; 

When AH = -wve, i.e.. exothermic reaction 
=K.= kK l 


8. Equilibrium constant and standard free energy change: 
AG = AG“ + 2.303 RT log Q, where Q = reaction quotient 
At equilibrium AG = 0 and Q = K, „or K, as the standard state 


is referred in terms of partial pressure or concentration. 
Thus, at equilibrium, 


AG- = -2.303 RT log K, 
AG“ = -2.303 RT log K, 
Relation between AG”, K, and spontaneity 


Non-spontaneous 


Equilibrium 


9. ^G- -— nFE- , where E^ standard emf of cell. 


10. Le Chatelier's principle: When an equilibrium is subjected 
to any change in concentration, temperature, or pressure, it 
shifts in a direction so as to undo the effect of change. 


Factors influencing equilibrium concentrations: 
a. Temperature: 


i An increase in temperature for exothermic 
reactions decreases the concentration of products at 
equilibrium and vice-versa. 


iL An increase in temperature for endothermic 
reactions increases the concentration of products at 
equilibrium and vice-versa. 


b. Pressure: An increase in pressure to an equilibrium 


favours the reaction where number of moles show a 
decrease and vice-versa. 


Effect of pressure (or volume) 


Type of reaction 


Effect of pressure 
(or volume) 


Type I: An=0 


Equilibrium is not affected — | 
Type II: An =+ve 


Increase in P (or decrease in V) 
shifts the equilibrium to lefi 
Increase in P ( or decrease in V) : 
shifts the equilibrium to right 
c. Addition of inert gas: | 
i. Addition of inert gas to an equilibrium (if An = 0) 
has no effect. 
ii. Addition of inert gas to an equilibrium (if 
An + 0) has no effect, if addition is made at constant 


volume. But addition at constant pressure Will f 
the direction of reaction where total number 
at equilibrium show an increase. 


Effect of inert gas 
-Condition 


VOur 


12. 


- Direct relation be 


No effect 
Forward shift | 


Backward shi ~ 


Reversible Reaction, 


These take place in 
both the directions, 


These take place in one 
direction only 


They almost go to 
completion. 


They never go to 
completion. 
They attain 
equilibrium. 


They do not attain 
equilibrium. 


The arrow between 

reactants and products 
indicates the direction 
of the reaction. 


The sign —— 
represents the 
reversible reaction. 


Calculation of Degree of Dissociation Using Pressure 
Temperature Determination: 
Let us consider the following reaction: 


PCl(g) —— PCI,(g) + CL(g) 
Initial pressure and temperature are P, and T,. At equilibrium. 


pressure and temperature are P, and T. >> Tespectively. The 
volume of vessel is constant, equal to * Y^. 


PCl(g) == PCl(g + Ch(g| m» |r|ri|e 
t=0 a 0 0 a IF [n |P, 
beg a — aa aa aa ja-aa | V |T, |P, 
Initial state PV = aRT, {i 
Equilibrium state P,V = (a + aa)RT, QU) 
Dividing equations (i) and (ii), we get 
5... 1 
P, (+a), 
TP, 
l tab 3 
( ) TP 
IP, - TR 
Q = ee 
DA 
Alternatively: 


Initial pressure after 
_ change of temperature 
Equilibrium pressure 


Initial moles 
Sec ld ie MN 
Moles at equilibrium 


tween equilibrium constants (&,, and K 2 


of two reactions and total pressures of two reaction (P, and 


i . Es e 
P5) when degree of dissociation (œ) is same for both th 
reactions: 


Let a and E are in the ratio of x and y for the two reaction 


4a 
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eB ky) (1) a p ...(ii) 


degree of dissociation for reaction (i) and (ii) are same 
, 


4 


The eth | 
hen the ratio of the total pressures (P, & P.) for two reaction 
grê, 
Kp EROE 
pr h 
- EE. " 
For example, for reactions, (iii) & (iv), x m. 


a. 
u mE P) 
Considering degree of dissociation is same for both the 


reaction. 
— 

As 2B(K, ) (iii) 
— í è 
Pr Q* RK, ) (iv) 

Then, 
Ky x QYR 
K, » A 


K, 1 QYR 
EK, 3 B 
A Hh. l =1:12 


io of 


If P,/P, for reaction (iii) and (iv) are in the rat 
h the 


2 : 3, then K, IK, (considering œ is same for bot 


reaction), is, 
Ky x QYH 4*2 ga 
K, » h 3 
K 
23s =8:3 
y Kp 


14. Some important points: 


Pure ice can be made to melt at a temperature slightly 
below 0°C by increasing the pressure. As the water so 
obtained on melting is below 0°C, it refreezes when 
pressure is reduced. It is called regelation of ice. 


cannot exist beyond 647.15 K and 218 


Liquid water 
e and pressure 


atmospheric pressure. These temperatur 
led critical temperature and critical pressure 
Beyond critical pressure and critical 
d ice and water vapours can exists. 


oint is 


are cal 
respectively. 
temperature only soli 
In almost all cases melting point/freezing p 
influenced by external pressure. Exception being only 
those solids and liquids which have same densities at 
their respective melting points. 

Increase in external pressure always increases the boiling 


point and vice-versa. 


7.4 Physical Chemistry 7.2.1 SOLID-LIQUID EQUILIBRIUM 


7.1 INTRODUCTION 


It is observed that many of the chemical reactions do not proceed 
to completion. They proceed to some extent which implies that the 
reactants are not completely converted into the products. 

When the reactants in a closed vessel at a particular temperature 
ts. the concentration of the reactants keep on 


react to give produc 
asing for some 


decreasing, while those of products keep on incre 
time after which there is no change in the concentrations either 
the reactants or products. This stage of the system is the called 
the state of equilibrium. At equilibrium state, the rates of forward 
reaction and backward reaction become equal. 

Chemical equilibria are important in numerous biological and 
environmental processes. For example, equilibria involving O, 
molecules and the protein hemoglobin play a crucial role in the 
transport and delivery of O, from our lungs to muscles. Similar 
equilibria involving CO molecules and hemoglobin account for 
the toxicity of CO. 

Equilibrium can be attained for both physical processes 
and chemical reactions. The equilibrium established in physical 
processes such dissolution of salt, evaporation of water, etc., is 
called physical equilibrium, whereas the equilibrium established in 
chemical processes such as decomposition of ammonium chloride 
or reaction between hydrogen and iodine is called chemical 
equilibrium. 

Based on the extent to which the reactions proceed to reach 
the state of chemical equilibrium, these may be classified in three 
groups. 

a. The reactions that proceed nearly to completion and only 
negligible concentrations of the reactants are left. In 
some cases, it may not be even possible to detect these 
experimentally. 

b. The reactions in which only small amounts of products 
are formed and most of the reactants remain unchanged at 
equilibrium stage. 

c. The reactions in which the concentrations of the reactants 
and products are comparable, when the system is in 
equilibrium. 

The extent of a reaction in equilibrium varies with the 
experimental conditions such as the concentrations of reactants, 
temperature, etc. Optimisation of the operational conditions is 
very important in industry and laboratory so that equilibrium is 
favourable in the direction of the desired product. Some important 
aspects of equilibrium involving physical and chemical processes 
are dealt in this unit. 


7.2 EQUILIBRIUM IN PHYSICAL 
PROCESSES 


The characteristics of system at equilibrium are better understood if 
we examine some physical processes. The most common examples 
are phase transformation processes, e.g., 

solid —— liquid 

liquid —— gas 


solid —— gas 


ubstance is heated under atmosphe,. 
arts converting into the liquid at a oe 
ticular temperature, the solid and liquis 
st with each other. 


When a pure solid s 
pressure, it gradually st 
temperature. At this par 
phases of the substance coex! | 

Thus, for any pure substance at atmospheric pressure, the 
at which the solid and liquid phases can coexist . 


temperature 
melting point or the normal freezing point of the 


called normal : 


substance. | | 
At melting point, the substance im solid phase is in equilibrium 


with the liquid phase of the substance. However, if the mixture 
of solid and liquid at equilibrium is further heated, the solid i. 
gradually converted to liquid while the temperature remaing 
constant. If a solid-liquid system at melting point is taken in 4 
perfectly insulated flask then this constitutes a system in which 
solid is in dynamic equilibrium with liquid. 

For example, ice and water kept in a perfectly insulated 
thermos flask at 0?C and the atmospheric pressure are in equili- 
brium state. It is observed that the mass of ice and water do not 
change with time and the temperature remains constant. However, 
the equilibrium is not static. The intense activity can be noted at 
the boundary between the ice and water. Molecules from the liquid 
water collide against ice and adhere to it and some molecules of ice 
escape into liquid phase. There is no change in the mass of ice and 
water, as the rates of transfer of molecules from ice into water and 
of reverse transfer from water into ice are equal. This represents 
a dynamic equilibrium between ice and water, 1.e., 


Ice ———- Water 
or H,O(s) ——— H,0() 
or Rate of melting —— Rate of freezing 


From the above equilibrium, we can infer the following 
a. Both the opposing processes occur simultaneously 


b. Both the processes occur at the some rate so that the amount 
of ice and water remains constant. 


7.2.2 LIQUID-VAPOUR EQUILIBRIUM 


This equilibrium can be better understood if we consider the 
example of evaporation of water in a closed vessel. 


Let us consider a transparent box carrying a U-tube with 
mercury (manometer). The box is evacuated with the help of 
vacuum pump connected to it and it is dried with drying aget 
such as anhydrous calcium chloride (or phosphorous penta- 
oxide). After drying the box a watch glass containing water is 
placed inside the box. It is observed that the mercury level in 
the right limb of the manometer slowly increases and finally 
attains a constant value, that is, the pressure inside the box 
increases and reaches a constant value. Also, the volume of water 
in the watch glass decreases (Fig. 7.1). Initially there was 9° 
water vapour (or very less) inside the box. As water evaporate 
the pressure in the box increased due to the addition of wate! 


yu 
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tef 
wale . 
Before evaporation 


After evaporation 


fg. 14 Measuring equilibrium vapour pressure of water at 
a constant temperature 


cules into the gaseous phase inside the box. The rate of 
mo ; 


poration 1S constant. However, the rate of increase in pressure 
QE with time due to condensation of vapour into water. 
“al y it leads to an equilibrium condition when there is no net 
„aporation. This implies that the number of water molecules 
iom the gaseous state into the liquid state also increases till the 
„uilibrium is attained, 1.e., 


Rate of evaporation — Rate of condensation 


H,O(l) == H,O(vap) 


Atequilibrium, the pressure exerted by the water molecules at 
given temperature remains constant and is called the equilibrium 


vapour pressure of water (or just vapour pressure of water); vapour 
pressure of water increases with temperature. 


The vapour pressure of a liquid also depends on the nature 
ofthe liquid. A liquid having weaker intermolecular forces has 
higher vapour pressure. For example, acetone has higher vapour 
pressure than water. A liquid having greater vapour pressure is 
more volatile and has a lower boiling point. When the watch glass 
isopen to the atmosphere, the rate of evaporation remains constant 
but the molecules are dispersed into large volume of the room. As 
aconsequence, the rate of condensation from vapour to liquid state 
ismuch less than the rate of evaporation. These are open systems 
and it is not possible to reach equilibrium in an open system. 


Water and water vapour are in equilibrium position at 
atmospheric pressure (1.013 bar) and at 100°C in a closed vessel. 
The boiling point of water is 100°C at 1.013 bar pressure. For 
any pure liquid at one atmospheric pressure (1.013 bar), the 
temperature at which the liquid and vapours are at equilibrium is 
Called the normal boiling point of the liquid. The boiling point of 
the liquid depends on the atmospheric pressure. It depends on the 
altitude of the place; at high altitude the boiling point decreases. 


7.2.3 SOLID-VAPOUR EQUILIBRIUM 


This equilibrium can be understood by considering the systems 
Where solids sublime to vapour phase. For example, if we place 
‘olid iodine in a closed vessel, after sometime the vessel gets filled 
YP with violet vapour and the intensity of colour increases with 
lime. A fter sometime, the intensity of colour becomes constant and 
at this stage the rate of sublimation of solid becomes equal to the 


P of condensation of vapour into solid. This stage is referred to 
| he *quilibrium state, i.e., 


Rate of sublimation —— Rate of condensation 


or L(s) ==> L(vap) 


4. 


Other examples showing this kind of equilibrium are, 
Camphor(s) ———: Camphor(vap) 
NH,CI (s) ——— NH,Cl(vap) 


7.2.4 EQUILIBRIUM INVOLVING DISSOLUTION OF 
SOLID OR GASES IN LIQUIDS 


Solids in liquids 


We can dissolve only a limited amount of solid solute in a 
given amount of solvent. For example, if we dissolve sugar into 
water, initially the sugar crystal will dissolve into water but after 


some time no more sugar can be dissolved into water at room 
temperature. 


A solution in which no more solute can be dissolved is called 
a saturated solution. The concentration of the solute in a saturated 
solution depends upon the temperature. 


In a saturated solution, a dynamic equilibrium exits between 
the solute molecules in the solid state and in the solution, i.e., 


Sugar(sol) === Sugar(sol) 
and the rate of dissolution of sugar is equal to the rate of 
crystallisation of sugar. 


The dynamic nature of equilibrium can be confirmed with 
the help of radioactive sugar. If we add some radioactive sugar 
into saturated solution of non-radioactive sugar then after some 
time radioactivity is observed both in the solution and in the 
sugar. Initially there were no radioactive sugar molecules in 
the solution but due to dynamic nature of equilibrium, there is 
exchange between the radioactive and non-radioactive sugar 
molecules between the two phases. The ratio of the radioactive to 


non-radioactive molecules in the solution increases till it attains 
a constant value. 


7.2.5 GASES IN LIQUIDS 


The best example of this type of equilibrium is that of a soda water. 
When a soda water bottle is opened, some of the carbon dioxide 
gas dissolved in it fizzies out rapidly. The phenomenon arises due 
to difference in solubility of carbon dioxide at different pressures. 
Ata given pressure, there is an equilibrium between the molecules 


in the gaseous state and the molecules dissolved in the liquid. This 
may be expressed as: 


CO,(g) ==> CO, (in solution) 


The amount of the gas dissolved is governed by Henry’s law. 
This law states that: 


The mass of a gas dissolved in a given mass of a solvent at 
any temperature is proportional to the pressure of the gas above 
the solvent. 


mo P 
m=kP 


where k is the proportional constant and depends upon the 


temperature. Thus, on increasing the temperature, the amount of 
dissolved gas decreases. 


. The soda water bottle is sealed under pressure of gas when 
its solubility in water is high. As soon as the bottle is opened, 
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some of the dissolved carbon dioxide gas escape to reach a new 
equilibrium condition required for the lower pressure, namely its 
partial pressure in the atmosphere. 

The result discussed above about the physical equilibria can 
be generalised as: 


a. solid <= liquid equilibrium can coexists only at one 
temperature (melting point) at | atm (1.013) bar pressure. 
If there is no exchange of heat with the surroundings, the 
mass of the two phases remains constant. 

b. In liquid —— vapour equilibrium, the pressure of the 
vapours above the liquid (i.e., the vapour pressure) is 
constant at constant temperature. 

c. In solid = solution equilibrium, the solubility of the 
solid in the solution is constant at constant temperature. 


d. In gas === solution equilibrium, the concentration ofa gas 
in the liquid is proportional to the pressure (concentration) 
of the gas over the liquid. 


These observations are summarised in Table 7.1. 
Table 7.1 Some features of physical equilibria 


Conclusion 


Pio constant at given 


| Liquid —— Vapour 
,H,O(I) == H,0(g) 
| Solid == Liquid 
| H5O(s) =— H,00) 
Solute(s) ———2 Solute | Concentration of solute 
(sol) | in solution is constant 
Sugar(s) ——2 Sugar 
(sol) 
Gas(g) ——2 Gas(aq) 


temperature 


Melting point is fixed at 


constant pressure 


at a given temperature 


[gas(aq)]/[gas(g)] is constant at a 
given temperature 


[CO.,(aq)]/[CO,(g)] is constant at a 
given temperature 


CO,(g) == CO,(aq) 


7.2.6 GENERAL CHARACTERISTICS OF EQUILIBRIA 
INVOLVING PHYSICAL PROCESSES 


For the physical processes discussed above, following characteristics 
are common to the system at equilibrium: 
a. Equilibrium is possible only in a closed system at a given 
temperature. 


b. Equilibrium is dynamic in nature, i.e., these are two opposing 
processes taking place at the same rate. 


c. At equilibrium, all the measurable properties of the system 
remain constant. For example, in case of evaporation of 
water, the vapour pressure of liquid becomes constant at 
equilibrium. 

d. When equilibrium is attained for a physical process, it is 
characterised by constant value of one of its parameter at a 
given temperature. For example, for the dissolution of CO, 
in water, at equilibrium 


CO,(g) ——2 CO,(aq) 

[CO; (a9)] is constant at a given temperature. 

[CO,(g)] 

This constant is called the equilibrium constant. 
e. The magnitude of the equilibrium constant represents the 

extent to which the process proceeds before equilibrium 
[CO,(g)] 
(equilibrium constant), greater is the extent to which CO, 
dissolves in water. 


is attained. For example, greater the value of 


7.3 EQUILIBRIUM IN CHEMICAL 
PROCESSES 


In the various processes described earlier involving physical 
changes, the two opposing processes take place, the rates of which 
becomes equal when equilibrium is attained. 


Analogous to the physical systems, chemical reactions also 
attain a state of equilibrium. When opposing processes take place 
in a chemical reaction, the reaction is said to be a reversible 
reaction. In other words, a reaction that takes place not only in 
the forward direction but also in the backward direction under the 
same conditions is called a reversible reaction. It is represented 
by putting a double arrow (== ) between the reactants and the 
products, one arrow pointing towards the products and the other 
pointing towards the reactants. For example, a reversible reaction 
between A and B to form C and D will be represented as 


A+ B= C+D 
The concept of reversibility in a chemical reaction may be 
explained with the help of the following example: 
If pieces of iron are placed in an open glass tube heated from 


below and steam is passed from the other end, the following 
reaction takes place: 


3Fe(s) + 4H)O(g) —9 Fe,O,(s) + 4H,(g) 
Iron Steam Iron oxide Hydrogen 
Again if in place of iron, iron oxide (Fe4O,) is placed in 
the tube, heated from below and hydrogen is passed over it, the 
following reaction takes place: 
Fe,0,(s) + 4H,(g) —> 3Fe(s) + 4H,O(g) 
lron Water vapour 
Since in the above case, the tube was open, hydrogen in the 
first case and water vapour in the second case escape out. However, 
if the tube is closed, both the reactions take place simultaneously 
and hence reaction becomes reversible, It may be represented as 
3Fe(s) + 4H,0(g) —— Fe,0,(s) + 4H,(g) 
Some more examples of reversible reactions are given below 
CaCO, == CaO + CO, 
CH,COOH + C)H,OH === CH,COOC,H, + H,O 
2HI =— HH, +L, 


N50, == 2NO, 
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A : é a : 
PCL = PCI, + CL Similarly, the reaction can reach the state of equilibrium even 


N, +3H, == 2NH, if We start with only C and D, that is, no A and B being present 

N, +0, == 2NO Initially, as the equilibrium can be reached from either direction. 

The variation of the reaction rates with time and ultimately 

T IRREVERSIBLE REACTIONS the attainment of chemical equilibrium may be represented 
i ' 


Ea diagrammatically as shown in Fig. 7.3. 
ie mical reaction In which the products do not react under 


fhe ;ndition to give back reactants, i.e., the reaction moves only 


JP direction OF only in forward direction is called irreversible 


n, 
gations: 


reversible reactions are represented by putting a single 
i between the reactants and products, pointing from reactants 
wards products, 1e. 

A+B—+C+D 


—-> Forward reaction 


Roos M canna ag eminem M €—9À Equilibrium 
point 


Rate —> 


For example, when solutions containing equimolar —— Backward reaction 


,ncentrations of barium chloride and sodium sulphate are mixed, 


reaction OCCUTS and practically whole of barium is precipitated as Time —> 
parium sulphate. Fig. 7.3 Variation in reaction rates for the forward and 
BaCl, * Na,SO, — BaSO 4+ 2NaCl backward reaction with time 
ppt 


The following examples illustrate the state of equilibrium in 


The reaction between BaSO, and NaCl, i.e., backward some reversible processes. 


reaction, is not possible under the experimental conditions. 
Some more examples of irreversible reactions are given below. 
a, i Thermal decomposition of potassium chlorate, 


a. Decomposition of calcium carbonate 


Calcium carbonate when heated to 1073 K in a closed 
evacuated vessel starts decomposing to yield calcium oxide 


MnO 
2KCIO, — iuc 2KCI + 30, and carbon dioxide gas as shown below 
iD ‘tion of . — 
ii. Decomposition of ammonium nitrite: CaCO,(s) > CaO(s) + CO,(g) 
b. Precipitation reactions, Carbon dioxide builds up pressure with in the vessel which 
: can be measured on a manometer, as shown in Fig. 7.4. 
i AgNO, + NaCl —> AgCl + NaNO, 


The pressure goes on increasing as the reaction proceeds 
ii. Pb(NO,), +2KI —> PbI, + 2KNO, and finally becomes constant and remains so as long as the 
iii. H SO} + 2NaOH —> Na,SO, + 2H,O temperature remains constant. It appears that the reaction 
iv. SnCl, + 2FeCl, —> SnCl, + 2FeCl, has stopped although CaCO, is still present. This indicates 
" 2Mg- O0, —> 2MgO that the system has attained the equilibrium state. 

b. Decomposition of N,O, in a closed vessel 


13.2 CONCEPT OF CHEMICAL EQUILIBRIUM The decomposition of NO, in a closed vessel is a reversible 


Let us consider a general case of a reversible reaction reaction as represented below 
A+B C+D N,O,(g) ——— 2NO,(g) 
With passes of time, there is accumulation of the products C (Colourless) (Reddish brown) 
and D and depletion of the reactants A and B (Fig. 7.2). This leads N,O, is almost stable at 0°C and is almost colourless. Thus, 
toa decrease in the rate of forward reaction and an increase in the if NO, is taken in a glass bulb which is then sealed and 
Hs df die reverse qunetior. placed in ice, it is almost colourless. Now ifthe sealed glass 


bulb is shifted into a vessel containing water at 25?C, the 
bulb starts acquiring brown colour which first deepens and 
then becomes constant. This indicates a state of equilibrium 
in which the concentrations of N,O, and NO, have become 
constant. That both are present in the reaction mixture can 
be tested by increasing the temperature of the bulb further 
when brown colour deepens (indicating more dissociation 
of N,O,) and by cooling the bulb down from 25°C when 
the brown colour fades (indicating combination of NO, 
molecules to form N,0,). i 


Eventually, the two reactions occur at the same rate and the 
‘ystem reaches a state of equilibrium. 


Concentration —> 


[ 
Time —» Equilibrium 


Fig. 7.2 Attainment of chemical equilibrium 
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Vacuum 


At T=300K 
Initial state 


Manometer 


At T= 1073 K 
Equilibrium state 


Manometer 


Fig. 7.4 Equilibrium in the decomposition of CaCO, 


c. Reaction between hydrogen and iodine 
When hydrogen and iodine is heated in a closed vessel at 
717 K, they react to form hydrogen iodide, reaction can be 
represented as 


H(g) + L(g) —— 
Colourless Violet 
The colour of the reaction mixture is deep violet in the 
initial state due to the presence of iodine. As the reaction 
progresses, the intensity of colour decreases due to the 
formation of hydrogen iodine which is colourless. 


2HI(g) 


Colourless 


After sometime, the intensity of colour becomes constant. 
This indicates that the reaction has attained a state of 
equilibrium. 


7.3.3 DYNAMIC NATURE OF CHEMICAL EQUILIBRIUM 


When the equilibrium is attained in a chemical reaction all the 
observable properties of the system become constant, for example, 
concentration of various species of reaction mixture. 


For example, in the reaction between H, and I, to form HI, 
the intensity colour becomes constant because the concentrations 
of H, and I, and HI become constant. It may lead us to think that 
the reaction stops altogether at equilibrium. But this is not true. 
At equilibrium, the rate of forward reaction becomes equal to the 
rate of backward reaction so that there is no net change in the 
concentration of various species. In other words, the equilibrium 
state is a dynamic balance between the forward and the backward 
reaction. 

The dynamic nature of chemical equilibrium can be 
demonstrated in the synthesis of ammonia by Haber’s process. 
In a series of experiments, Haber started with known amounts 
of dinitrogen and dihydrogen maintained at high temperature 


and pressure and at regular intervals determined the amount op 
ammonia present. He was successful in determining also the 
concentration of unreacted dihydrogen and dinitrogen. Fig. 15 
shows that after a certain time the composition of the mixture 
remains the same even though some of the reactants are stil] 
present. This constancy in composition indicates that the reaction 
has reached equilibrium. In order to understand the dynamic nature 
of the reaction, synthesis of ammonia is carried out with exactly the 
same starting conditions (of partial pressure and temperature) but 
using D, (deuterium) in place of H r The reaction mixtures starting 
either with H, or D, reach equilibrium with the same composition, 
except that D, and ND, are present instead of H, and NH y: After 
the equilibrium is attained, these two mixtures 


Dihydrogen (reactant) H3 


Dinitrogen (reactant) (N3) 


Ammonia (product) 


Molar concentration —> 


Time —> 


Fig 7.5 Depiction of equilibrium for the reaction 
N,(g) + 3H,(g) ——— 2NH,(g) 


(H,, N,, NH;) and (D,, N,, ND,) are mixed together and left for 
a while. Later, when this mixture is analysed, it is found that the 
concentration of ammonia is just the same as before. However. 
when this mixture is analysed by a mass spectrometer, it is found 
that ammonia and all deuterium containing forms of ammonia 
(NH,, NH,D, NHD,, and ND,) and dihydrogen and its deutrated 
forms (H5, HD, and D.) are present. Thus, one can conclude that 
scrambling of H and D atoms in the molecules must result from a 
continuation of the forward and reverse reactions in the mixture. 
Ifthe reaction had simply stopped when they reached equilibrium. 
then there would have been no mixing of isotopes in this way. 

Use of isotope (deuterium) in the formation of ammonia 
clearly indicates that chemical reactions reach a state of dynamic 
equilibrium in which the rates of forward and reverse reactions 
are equal and there is no net change in composition. 

Similarly, in the reaction between H, and I, to form HI 


Hyg) + L(g) 2HI(g) 


Colourless Violet Colourless 


———— 
< 


If we start with initial concentration of H, and I,, the reaction 
proceeds in the forward direction and the concentration of H, 
and I, decreases, while that of Hl increases, until all of these 
become constant at equilibrium (Fig. 7.6). Accordingly to the 
concentration, the intensity of colour decreases initially and at 
cquilibrium the colour intensity becomes constant. We can also 
start with HI alone and make the reaction to proceed in the reverse 
direction; the concentration of HI will decrease and concentration 
of H, and I, will increase until they all become constant when 
equilibrium is reached (Fig. 7.6). If total number of H and I atoms 
are same in a given volume, the same equilibrium mixture !5 
obtained whether we start it from pure reactants or pure product. 
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where "c | 
[4] and [B] are the molar concentrations of the reactants 


HI 


HI 


Concentration 


Time ——? Equilibrium é Time 
Fig. 7.6 Chemical equilibrium in the reaction 


——— . 
4,(9) * a 2HI(g) can be attained from either direction 


3,4 CHARACTERISTIC OF CHEMICAL EQUILIBRIUM 
" important characteristic of chemical equilibrium are as 
lows: 

a. The observable properties of the system such as concen- 
(ration colour, pressure, etc., becomes constant at equili- 
brum. 

b. The equilibrium can be attained only if the system is closed. 

c. Atequilibrium, the rate of forward reaction becomes equal to 
ihe rate of backward reaction and therefore the equilibrium 
is dynamic in nature. 

à. Chemical reaction can be established from either direction, 
ie., from the reactant direction as well as from the products 
direction. 

e A catalyst does not alter the state of equilibrium. 

In reversible reaction, catalyst increases the rate of forward 
reaction as well as rate backward reaction to the same 
extent. Hence, the equilibrium is not altered. The only 
effect adding the catalyst is that the equilibrium is attained 
earlier. 


'4 LAW OF MASS ACTION AND 
EQUILIBRIUM CONSTANT 


Gulberg and Peter Waage 


11864, two Norwegian chemists Cata 
p between 


ut forward a law concerning a qualitative relationshi | 
ates of reaction and the concentration of the reacting species. This 
awis known as law of mass action. This law states that at constant 
emperature, the rate of a chemical reaction i$ directly proportional 
Othe product of the molar concentrations of reacting species with 
"ch concentration term raised to the power of stoichiometric co- 
ficient of that species in the chemical equation. 


Mathematical expression: 

Let us consider a hypothetical reaction 
A+B— Products 

According to the law of mass action, 

Rate of reaction (r) © [A][B] 

or r = k[A][B] 


A and B res 1 , 
, respectively. k is the consta "ma 
rate constant. stant of proportionality called 


For any general reaction, 

aA + bB + cC + dD + + —— Product 
The rate of reaction « [A]/[B [C] [D]? ... 
or rate = k [A] (BP [Cl [D1 ... 


7.4.1 APPLICATION OF THE LAW OF MASS ACTION 
TO CHEMICAL EQUILIBRIUM 


The law of chemical equilibrium is a result obtained by applying 
the law of mass action to a reversible reaction in equilibrium. 
Let consider a general reversible reaction 
A+B = C+D 
At equilibrium, according to the law of mass action 


Rate of forward reaction « [A][B] = K f (4][5] 
where K, is the proportionality constant called the rate constant 


for the forward reaction. [A] and [B] are molar concentrations of 


reactants 4 and B, respectively. 

Similarly, the rate of backward reaction « [C] [D] 

= K, [C] [D] 

where K, is the rate constant for the backward reaction and [C] 
and [D] are molar concentration, of products C and D, respectively. 

At equilibrium, the rate of two opposing reactions become 
equal. 

Hence, at equilibrium, 

Rate of forward reaction = Rate of backward reaction 

-- K [4] [B] =K, EC] [D] 


„£L _ [CIID] 
K,  [4][8] 
Since K, and K, are constants, therefore. the ratio of 


KIK p 1S also constant and is represented by K,- 
K, 
=Le [CH] NU 


N K, [A][B] 

The constant K, is called the equilibrium constant. The 
subscript ‘c’ indicates that K, is expressed in concentration of 
mol L’, 

The equilibrium constant for a general reaction 

aA + bB = cC + dD 
is expressed as 
= [CT [PL [DI ...(H) 
e [AT LB 
where, [a], [^], [c] and [d] are the equilibri 
the reactants and products 

Equation (i) and (ii) are the expression 
equilibrium. It may be stated as: 

At a given temperature, the product of concentrations of 
the reaction products raised to the respective stoichiometric 
coefficient in the balanced chemical equation divided by the 


um concentrations of 


for the law of chemical 
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product of concentrations of the reactants raised to their 
individual stoichiometric coefficients has a constant value. 
This is known as the equilibrium law or law of chemical 
equilibrium. 


d. None of these 


7.4.2 STOICHIOMETRIC REPRESENTATION OF 
EQUILIBRIUM CONSTANT 


Let us write equilibrium constant for the reaction 


H,(g) + L(g) ==> 2HI(g) © (i) For A + B ==> C+D, the equilibrium constant is K, and for 
as, K= [H1]?/[H;] [L] =x C+D == A +B, the equilibrium constant is K,. The correct 
The equilibrium constant for the reverse reaction, relation between K, and K, is 

2HI(g) == H, (g) + L(g), at the same temperature is, a K x K,=1 b. K, * (K,- 1)=0 
K' = [H4] LL [HIP = Ux = 1/K, c. K/K, = 1 d. All of these 


Thus, K", = UK; 
Equilibrium constant for the reverse reaction is the inverse 


Ka al. n 
VAM ran 
AFOR 


. K] 
of the equilibrium constant for the reaction in the forward a. A+B ——— C+D 
If we change the stoichiometric coefficients in a chemical 1 


equation by multiplying throughout by a factor, then we must make A= K. >K xK, =l 
sure that the expression for equilibrium constant also reflects that 


change. For example, if equation (i) is written as 


O + She) ——2 Hi(g) For the reactions, 
the equilibrium constant for the above reaction is given by A == 8B, K,=1;B =— C, K,=3; C — D,K.=3. 
K" = [HIy[H,] ^[L] ? = ((HIP/[H,][E ]; ' 2 K, for the reaction A ——— Dis 
=y" áK a. 15 b. 5 G3 d. 1 
On multiplying equation (1) by n, we get EUR 
n Hy(g) *nI ——— 2n HI 
ulii AN [B] _, [C] [D]. 
Therefore, the equilibrium constant for the reaction is equal ' [4] CM [B] ~ 2s [C] = 
to K”. These findings are summarised in Table 7.2. It should be [D] 
noted that because the equilibrium constants K, and K', have Multiplying all the three, [4] -1x3x5-15 


different numerical values, it is important to specify the form 
of the balanced chemical equation when quoting the value of an 
equilibrium constant. 


The law of mass action was proposed by 
a. Guldberg and Waage 
b. Le Chatelier and Braun 
c. Kossel and Lewis 


Table 7.2 Relation between equilibrium constants for a general 
reaction and its multiples 


Chemical equation Equilibrium 
constant 


aA + bB = cC + dD 
cC + dD = aA + bB 
nad + nbB ==> ncC + ndD 


d. van't Hoff 


K = (/K,) 
K" =(K,") 


The equilibrium constants of the reactions 
l 
SO,(g) + 50:8) == S0,(8) 


and 2S0,(g) + O,(g) ———  280,(g) s 
are K, and K,, respectively. The relationship between K, and Ky! 


3 b 3 a. K =K, b. K? =K, 
c.K? =K, d, K; =ŅK, 


Lo. == T SO 
90,* 50: == 80, - Re Dod -" 
"Ji [805][O;] 
K> 2 
5, $0, 5 390. x qoe LiT 
28 2 2 3 2 SO 2 
l [S0,} [0}] 
a | oe 
“ 4 mol of A is mixed with 4 mol of B, 4 mol of C and D are 


" at equilibrium, according to the reaction 
jm A+B => C+D 


equilibrium constant is 
ihe 


ald b. 2 


a c A* B => C+D 
According to the law of mass action 
. [CND) 4x4, 
[A][B] 4x4 


c. 1 d.4 


The rate at which a substance reacts, depends on its: 


b. Molecular mass 
d. Total volume 


a. Active mass 
c. Equivalent mass 


w a. Active mass 


The state of equilibrium refers to 


a. State of rest b. Dynamic state 
c. Stationary state d. State of inertness 


IB b. Dynamic state 


1 
: 


Forthe reaction, A + 2B. <== C, the expression for equilibrium 
constant is 


, ØBY „ [AB] 
[C] [C] 


‘Sol c.4+2B —- C 
According to law of mass action 


[C] 


WU 
[2B] [A] 


“TABEF 


"M 
[A] [BP 


For the reaction: 


2A(g) + B(g) === 3C(g) + D(g) 
Two moles each of A and B were taken into a flask. The 
following must always be true when the system attained 
*quilibrium 
a. [4] = [B] 
e. [B] = [C] 


b. [4] < [B] 
d. [4] > [B] 


— Chemical Equilibrium. 7.11 


| Sol. b. For the reaction 24(g) + B(g) —— 3C(g) + D(g) 
2 mol of A reacts with | mol of B to give products. 


Hence, the concentration of A will be lesser than that 
of B at equilibrium. 


In a reversible chemical reaction, equili-brium is said to have 
been established when the 

a. Concentrations of reactants and products are equal 

b. Opposing reactions cease 

c. Speeds of opposing reactions become equal 

d. Temperatures of opposing reactions are equal 


Sol. ' c. At equilibrium, the rate of forward reaction becomes 
equal the to rate of opposing reaction or backward 
reaction. 


Active mass is defined as 
a. Number of g equivalent per unit volume 
b. Number of g mol per L 
c. Amount of substance in g per unit volume 
d. Number of g mol in 100 L 


g (mol) 
L 


‘Sol. ) b. Active mass = 


For the reactions 


N, + 3H, —— 2NH, 


1 3 
and 5 Na ag 3 = NH, 
write down the expression for equilibrium constants K, and K. 


How is K, related to RE 


"Sol. | For equation N, + 3H, == 2NH,, 
2 
Ex [NH,] (D 
[N2] [H3] 


H, —— NH, 


: | 
and for equation, pb + 


,, ____ INHj] 
c [No]? TE 
Squaring equation (ii), 
(«y -DL 
[N;][H | 
Equations (i) and (iii) are same 


Thus, K.= (Ky 


Or JK. =K! 


D) 


. nn) 


a» 
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The equilibrium constant for the reaction 
N, + 20, == 2NO; 


at a particular temperature is 100. Write down the equilibr hs 
law equations for the following reactions and determine the 
values of equilibrium constants. 


2NO, == N, +20, A 
NO, == 1/2N, + 0; E 


“Sol. The equilibrium constant for the reaction 
N, + 20, ==> 2NO, 


-NO1 _ 100 (a) 
[N3][O;T 
The equilibrium constant equation for reaction (1) 
y, -NOÈ m 
[NO}] 
This equation is reciprocal of equation (a) 
So K, — EL 
K. 100 


The equilibrium constant equation for reaction (ii) 


. _ N]? [0] 
K,= INO. ] sit) 
Comparing equations (b) and (c), 


K, = JK, =V10? 210 =0.1 


Determine K a for the reaction 


= Nie) * 208) + = Bro(g) ==> NOBr(g) 

from the following data at 298 K. 

The equilibrium constants for the following reactions 
2NO(g) ==> N,(g) + O(g) 

and NO(g) + 5 Bryle) ——— NOBr(g) 


are 2.4 ^ 10*° and 1.4, respectively. 


(Soil) The net reaction is 


] ] 
2 Noe) + 5 Ole) * 7 Bro(g) = NOBr(g) 


[NOBr] 
[N,]? [0,]? [Br]? 


Considering the given equations: 


C, net) 


2NO(g) == N,(g) + 0,(g); 


Equilibrium constant = 2.4 x 103° 


eee ei 


N,(g) + O,(8) ==> 2NO(8); 
l 


a constant = — 


( | " 


ZN e) TU 


Equilibrium constant = Iz4x109) = 0.6455 x 19-15 
. [NO] _ .&/-0.6455x10 P 
[N;]^[O;]^ 
l 

NO(g) + 7 BrY(8) —— NOBr(g) 

DORA e K = 1.4 Ai 
[NO] [Br] 
Multiplying both equations 

[NO] [ NOBr] 


[N No]? [O; p [NO] [Br, ] ? 


= Kp x Ki 20.6455 x10" x14 


Or cus INO o = Kener) = 0.9037 x io 


[N; ids [O; J7 [Br ‘ka 


= 9.037 x 10-16 


For the hypothetical reactions, the equilibrium constant (K) 
values are given 


A = B; K =2; BC K,=4: C —— D: K,=3 


The equilibrium constant (K) for the reaction 4 —— D is 
a. 48 b. 6 c.27 d. 12 e. 24 
ESI) e. The reaction A —— D is obtained by adding the three 
given reactions 
K=K,* K,x K,=2x4x3=24 
B 
-El g [Cl y DI 
[A] [B] > IC] 
On multiplying K,, K, and K,, we get 


K=K,* K,K,= ©! 


Given: 


N,(g) + 3H,(g) === 2NH,(g); K, 
N,(g) + O,(g) === 2NO(g); K, 
n 2 

Hy() + 50:8) == H,0(g); K, 


The equilibrium constant for 


5 
2NH,(g) + 7 O,(g) === 2NO(g) + 
2 3H,O 
wWill'be 2 a ee i 
2 3 
a. KKK, p EE —Q KK" d Ky 


K, : K; Ki 


- 


d. 
O° wr LK, = NO Sel. [H;O] 
Kap ^ UMSO ^ pp; 


rhe equilibrium constant for 
) 


ETE 
NH,(2) + 7 0X8) = 2NO(g) + 3H,0(g) 


will be: ; 5 à 
(NO [I5OT |. ox Ky 


ee ec Ee : 
p [NH] [0;T^ K; 


; reversible reaction, study of its mechanism says that both 
4 forward and reverse reaction follows first-order kinetics. If 
jc nalf life of forward reaction (f, p) ris 400 s and that of reverse 
«action (t, ab is 250 s, the equilibrium constant of the reaction is 


9. 1.6 b. 0.433 c. 0.625 d. 1.109 
.693 
$u c hn E (for first-order kinetics) 
eo ee ee ed 
f 40 ^ ^ 250 

K 

gotb. ados 
K, 400 


A vessel at 1000 K contains carbon dioxide with a pressure of 
0.5 atm. Some of the carbon dioxide is converted to carbon 
monoxide on addition of graphite. Calculate the value of K, if 
ital pressure at equilibrium is 0.8 atm. 


‘Sol. CO,(g) + C(s) === 2C0(g) 
Initial 0.5 atm 0 atm 
At equilibrium (0.5 — x) 2x atm 


At equilibrium, the total pressure is 0.8 atm. 
Pa = Pco, * Pco 
087(0.5-x)-2x 20.5 * x 
or x— 0.3 atm 
Applying the law of mass action 
K, - co) _ (2x03) _ 0.36 
Pco, 0.2 0. 


NWUSTRATION 7.20. 


1 ape of CaCO,(s) is introduced into a sealed container of 
omp 0.654 Land heated to 1000 K until equilibrium is reached. 
© equilibrium constant for the reaction 


CaCO,(s) ===> CaO(s) + CO,(8), 


=1.8 atm 


i 
339 x 10-2 atm at this temperature. Calculate the mass of CaO 


Present at equilibrium. 


Aa 
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ISO CaCO,(s) = Ca0(s) + CO,(g) 
K, = Peo, = 3.9 x 107 
Let the number of moles of CO, be formed = n 
i 
= Peo, XV 39107 x 0.654 _ 3 11 x 19-4 
RT 0.082 x 1000 
The amount of CaO(s) formed will also be 
= 3.11 x 107^ mol 
Hence, the mass of CaO formed = 3.11 ^ 104x 56 
- (0.0174 g 


mol 


From the given data of equilibrium constants of the following 
reactions: 


CuO(s) + H,(g) == Cus) t H,0(g); k= 67 
CuO(s) + CO(g) ==> Cu(s) + CO,(g); K = 490 
Calculate the equilibrium constant of the reaction, 


CO,(g) + H (g) ——— CO(g) + H,0(8) 


(SON Cud(s) + H,(g) == Cu(s) + H,O(8); K, = 67 
Now reversing the second reaction, 
Cu(s) + CO,(g) ——— CuO(s) + CO(g); 
gee 
490 
Adding the two reactions, we get, 
CO,(g) + H,(g) == CO(g) + H5O(g) 


for which K = K,-K, =67 x RN 0.137 
490 


Given that at 1000 K 


2S0, (g) + O,(g) ——— 2SO,(g); K = 261 
Calculate K for the following equations: 


a. 2SO,(g) ==> 2S0,(g) + 0,(g) 


< l 
b. SO4(g) == SO,(g) + 7; 0,(g) 
l 
c. SO,(8) + 5 0,(g) == SO,(g) 


Sol. | Equation (a) is the reverse of the given equation 
l 
K, =~ = 0.003 r (2 
261 8 (for (a)) 


As the equation (ii) has been obtained by dividing 
the equation (a) by 2, K for equation (b) will be 
K, = (0.0038)? = 0.0619 


ne equation (b) we get equation (c) K for which will 
e 


l 
Kanta 
pnto 16.195 


£2 
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K 1 
2NH, then 2N, + 6H, c— 4NH,—K 


K 
If N, + 3H, —2 


is equal to 
a. K? b. € 1/ VK d. UK? 
K 
[Sol a. For reaction N, + 3H; — 2NH;; 
__ INHT 
K= 1 
[N;][B2] 
Multiplying this equation with 2, we get 
[NH] 


^N. + 6H, X 4NH, and K' = — zr 36 


or K' = (K 


four different reactions are given as 
10, and K, = 1. Which reaction will 


n equilibrium? 
b. K, = 10^ 
d. K, = 20 


Equilibrium constants for 
K- 10°, K, = 10, K — 
take maximum time to attai 
a. K, = 10° 
cK, 10 
“Sol. b. Because the minimum the value of equilibrium constant, 
the maximum time it will take to achieve equilibrium. 


For the reactions A ——— B, B = C, C = 
respectively. What is the value of 


D, equilibrium 


constants are K,, K,, and K., 
equilibrium constant for A —— D? 
a. K, +K, +K; b. K, x K, x K, 
e K,k,/3 d. None 


| 
ao} J^ [os 759 
di : 
=| 5 |B = JO K =1.10x10 
4 : J 3 18 
CO=|5]O * ; Jos K = 2.310 


] ] 
po==(+)p, «jo: K z14x 10?! 


Which oxide is most stable? 
a. AO b. BO c. CO d. DO 


Sol... a. Because minimum the value of equilibrium constant, 
slower will be the reaction and hence maximum stable will 


ve mass' indicates that the rate of a chemicaj 


Theory of ‘acti 
tly proportional to the 


reaction is direc 
a. Equilibrium constant 


b. Properties of reactants 


c. Volume of apparatus 
d. Concentration of reactants 


C, the equilibrium concentrations are 
C] - 0.216. The K, for the reaction is 
c.4*10? 4.250 


For a system, A + Pis Comer 
[4] = 0.06, [B] = 0.12, and [ 


a. 120 b. 400 
BID 4.4 + 2B —— 
[C] (0.2216) ^ _ 569 


— ——— 


[A] [B] ~ (0.06) (0.012)? 


—— 2NOCI(g) is correctly given by the 


2NO(g) + CL(g) 
expression 
[NOC] 
a. Sar a aa, 
[NO] [CL] 
[NOT + [Ch] 
[NOCI] 


[2NOCI] 
' DNOJI[CL] 


[NOT [Cl] 
[NOCIT 


SB a. 2NO(g) + Cl,(g) == 2NOCI(g) 
According the law of mass action 
.. [NOCII 
[NOT [Cl;] 


Consider the following equilibrium: 


l ; 
SO;(g) + 5 Ox(8) = s0,(g): 
Ks 
280,(2) === 2SO,(g) + O,(g) 
What is the relation between A, and K,? 
l n 


a. Ki = b. K, =-= 
K, JK, 
ce K = KR, d. i es dis 
K, 
l , 
WID b. SO, + 50 —— SO, K, = [SO;] - 
[SO;][02] " 
K3 
280, —= SO, + 0; K; _ [50;]I0;] 
[SOs] 
K,___ [803] [SO,][02] 


be the reactant (here AO oxide) or =— 
K, [SO;]O,]^/ [SO] 


SESS co Cm D 
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zem a. Forward b. Backward 
2 c. May be forward or backward 


"ostia d. Reaction is in equilibrium 


consider the following reaction: mU b. cH a(g) + 2H,S(g) — CS,(g) + 4H,(g) 
2NO,(g) —> 2NO(g) + O(g) 


[CS;][H; P 3), (3 1). 
p the figure below, identify the curves X, Y, and Z associated or K = ICHLIEGSE " i); [CS5]7 -(2 (H;]- 
yh the three species in the reaction 2 

WM 


[CH,] = G : 2) and [H,S]= (4) 


Substituting all the concentration values in equation (1). 


K o/o 3 10 243 : 
I: = BA =o 2x44 3200 -— 

s 24 

t 10/\10 

v 

9 

o 

OQ 


Therefore, K > 2.5 x 10? (given). Hence, the reaction 
will proceed in backward direction. 


=, dccussmATIÓR 7.34 
a. X- NO, Y= 0,,Z=NO, b. X=0,, Y- NO, Z- NO, 
c. X- NO, Y=NO, Z=0, d. X- 0, Y- NO, Z- NO 


For the reaction 


PCl.(g) ==> PCh(g) + CL(g) 

ED >. The concentration of X is increasing hence it is product, Which of the following sketches may represent above 
while concentration of Z decreases therefore it is 
reactant. The concentration of Y increases less than 
X that means production of Y is less than X. Hence, Y 
must be O, and X must be NO because 2 mol of NO, 
produces 2 mol of NO and 1 mol of O,. Therefore, 
X= NO, Y—O, and Z = NO.. 


equilibrium? Assume equilibrium can be achieved from either 


side and by taking any one or more components initially. Given 
K, for the reaction < 2? 


T T T Cl, 


= 
—» 
oO 


Bu MAD Se PCL 
ISTRATION 7.32- Eu 
B Seep PCI; 
Two equilibriums AB ===> A9 + B^ and AB + B^ == AB^, a= 
ae simultaneously maintained in a solution with equilibrium € 


constants K, and K,, respectively. Ratio of [A®] to [AB9,] in 
the solution is 


—25 


a. Directly proportional to [B9] 

b. Inversely proportional to [B^] Y 
c. Directly proportional to [B^] 

d. Inversely proportional to [B9]? 


i i Total —3» 
[^ d. K, — [A4B"][8 ] . K. = [A4B^ V [AB] [B] 


Concentration 


[AB] ^ | 

s K,[AB] © K, [AB][B ] 9 

oF [4] = DET Lg] E zi 
si d a 
[45] [B Ý : 


At 1400 K, K — 2.5 x 10° for the reaction 


—> 


(=i 
CH,(g) + 2H,S(g) ——— CS,(g) + 4H1,(g) d. T 
A 10 L reaction vessel at 1400 K contains 2.0 mol of CH4, 3. 0 E es 
mol of CS,, 3.0 mol of H, and 4.0 mol of H,S. In which direction : z 
oes the reaction proceed to reach equilibrium? y 


Total > 


L 
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"Sol Given: 
K. «2 for PCl;(g) == PCI,(g) + Cl,(g) 

a. From graph, find the value of K, 
 ([PCh)[CL]| | 4x6 . 


: [PC] A, 2 


2 


(a) is incorrect. 

b. Incorrect: Since the concentration of both PCI,(g) 
and Cl,(g) will either increase or decrease, here it is 
increasing for Cl,(g) and decreasing for PCI,(g). 

c. Note that (from graph) the initial concentration of PCI. 
is zero. So the equilibrium is established as follows: 


PCl(g) + Cl,(g) == PCl.(g) 
t=0 a b 0 
t=t a-x b-x x 


from saphi, x = 6. Also note that (from graph), b < 6 
(i.e., initial concentration of Cl,), which means that x < 

6. It is not so, hence choice (c) is incorrect. 

d. Obviously this should be the correct choice. 
However, let us check it. Find K . 
([PCh]Ch]| |^ 2x4. 


i [PC]; ] Eqm 6 


2 


-. (d) is correct. 


a. For which of the following reactions, K, is equal to K ? 
iH tL ——-2HI ii N,-*3H, ——c 2NH, 
iii. PCI, ——— PCI, + Cl, 

b. For which of the following cases does the reaction go 
farthest to completion: 
K-1,K-109 k-1070 


a. For reaction H, + L, —— 2HI only 
An-2-2-0 
i.e., equation (iii) reduces to &, =K. 

b. The reaction having K = 10!° will go farthest to 
completion because the ratio [product]/[reactant] is 
maximum in this case [Eqn. (1)]. 


Both metals Mg and Fe can reduce copper metal from a solution 
having copper ions ( Cu?*). According to the equilibria: 
Mg(s) + Cu2* === Mg” + Cu(s); K, = 6 x 10” 
Fe(s) + Cu2* === Fe?” + Cu(s); K, = 3 x 1026 
Which metal will remove cupric ion from the solution to a 
greater extent? 


‘Sol. Since K, > K,, the product in the first reaction is much 
more favoured than in the second one. Mg thus removes 
more Cu2* from solution than Fe does. 


The equilibrium constant of the reaction 
H,(g) + L(g) ——— 2HI(g) 
at 426°C is 55.3, what will be the value of equilibrium constant 


a. if the reaction is reversed and 
b. if the given reaction is represented as 
3H, + 3L <=  6HI? 


a. The reverse reaction of the given reaction is 
2HI —— H, +L 
<. Equilibri tant = —— 
quilibrium constant = z773 

b. The reaction 3H, + 31, ===> 6HI has been obtained 

by multiplying the reaction, 

H, +1, ——— 2HI 
by 3, hence, K = (55.3 


i | ^ f s. 
—— 2 JEANI = 2 tay / 
fp DC AI SE TE 


What will be the effect on the equilibrium constant for the reaction 
N, + 3H, == 2NH,; AH = -22.4 kcal, when 

a. Pressure is increased 

b. Concentration of N, is increased and 

c. Temperature is raised at equilibrium? 


Sol. 
a. No effect | As K does not depend on 
b. No effect 


c. Equilibrium constant will decrease as the temperature is 
increased. 


pressure and concentration 


From equation (1) and (ii), 


l 
CO == CO + 70, [Ko = 9.0 x 10? at 1000°C] () 


H,O —— H, + A = 7.0 x 10°? at 1000°C] (iD 
the equilibrium constant for the reaction 
CO, +H, ==> CO + H,O 
at the same temperature is 
a. 0.78 b. 2.0 


| Sol. ) b. The given reactions are 


c. 16.2 d. 1.28 


mae, NE TEE 
CO, == CO + 505 Ke, = 9.0 x 10 2 


l x ' 
HO == H, + 505 Ke, 7 70* 10712 i 


Subtracting equation (ii) from (i), we get 


1 " 
CO, == CO + 7505 Kom aia jo” 


—— m 


Passus ees Chemical Equilibrium 7.17 


| 1 
BO —— H- 39s Ky = 7.0 * 10-12 


— 


ee eA nu rp m 
(0, + Hz —— CO-*H,0; K.- 2.0 x 19-2 


reversible reaction ÆA +B —— C 
for? 


eo" 10° L mol * s "[A][B] -1.0 x 10? s?! [c] 


dí 
pre xis the amount of “4° dissociated. The value of equilibrium 
wienn dea 
instant (Kog) is 
a. 10 hts 
c. 20 d. Cannot be calculated 


[ AtB ELL 
dx 3 9 
Given: an (2 x10 )[4][B]- (1 x 10°) [C] 


where x is the amount of ‘4’ dissociated. 
—— dx 
At equilibrium: EH 0 (since no change in the concen- 


ration of any reactant or product with respect to time) 
dx 3 2 
> 2 58900 )[4]L8] - ( x 10) [C] 2 0 
t 


[C]. 2x] 
[4][B] 1x10? 


- 20 


= Equilibrium constant (K,,) = 


The formation of ammonia from nitrogen and hydrogen gases 
an be written by the following two equations: 


l 3 
L 5 (8) + 5 HX) = NH,(g) 


1 2 
IT. 3 N,(g) + H,(g) << 3 NH) 


The two equations have equilibrium constants K, and K;, 
'éspectively, The relationship between the equilibrium 
Constants is 


eK” = K, d. K, = K?” 


SD <., a. 
a X8) + 972^" 3 


NHJ 
w [H P? 


. 1 "IAE 
|. 3 N (g) + H,(g) —— 7 Nuxeo) 


l 


[NH, ]/? 
[No]? [H;] 
Ky =K,?3 or K, = KP? 


s M 


7.4.3 EQUILIBRIUM CONSTANT IN GASEOUS SYSTEMS 


So far we have expressed equilibrium constant of the reactions 
in terms of molar concentration of the reactants and products and 
used symbol K, for it. For reactions involving gases, however, it 
is usually more convenient to express the equilibrium constant 1n 
terms of partial pressure. 

The ideal gas equation is written as 


PV — nRT 
n 

P= RT 
= V 


Here, P is the pressure in Pa, n is the number of moles of 
the gas, V is the volume in m°, and T is the temperature in Kelvin 
Therefore, n/V is the concentration expressed in mol m^. 


If concentration c is in mol L~! or mol dm ^? and P is in bar, 
then 


P=cRT, 
We can also write P = [gas]AT. 
Here, R = 0.0831 bar L mol"! K^! 


At constant temperature, the pressure of the gas is proportional 
to its concentration, i.e. 


P « [gas] 
For reaction in equilibrium 
aA(g) + bB(g) == cC(g) + dD(g) 


* [AF [By 
_ (RY (Pp) 
"o (Y (Po) 
The equilibrium constant, K, defined in terms of partial 


pressure is not the same as the equilibrium constant K , defined 
in terms of concentration. 


Or 


Equilibrium constant in terms of mole fraction 


When the amount of reactants and products is expressed in mole 
fraction, we get a new equilibrium constant and is expressed as: K, 


Consider a general reaction in equilibrium 
aA + bB ==> cC + dD 

The amount of reactants and products in mole fraction is 
given as: 

The amount of A = x , (mole fraction of 4) 

The amount of B = x, (mole fraction of B) 

The amount of C = x. (mole fraction of C) 

The amount of D = xp (mole fraction of D) 
(te) Gu" 


The equilibrium constant K = - 5 
(X4) (Xs) 
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nf 


7.4.4 RELATIONSHIP BETWEEN K, Ky AND K, 


Relation between K, and K, 


In an ideal gaseous mixture, each component obeys Dalton’s law 
of partial pressures, i.e., p, = xP, where P is the total pressure and 
P, is the partial pressure of the ith component with mole fraction 
x; in the mixture. Consider a general reaction in equilibrium. 


aA + bB == cC + dD 
We have, partial pressure of A; p, = x ,P 
Partial pressure of B; p, = XP 
Partial pressure of C; po = XcP 
Partial pressure of D; pp = XpP 


Pe (pc) (pp) z ( (xc) A) perd- 
P (pa) (pg). aa "2 
=i p. 


where An = (Sum of exponents in products) 


— (Sum of exponents in reactants) 


| 7.4.5 RELATION BETWEEN K; AND K. 


Similarly for a general reaction 
aA + bB ==> cC + dD 


For an ideal gas, 


PV=nRT 
P= RT =cRT 
V 
Py =¢ RE 
Dg 7 cg RT 
Po=CcRT 
Pp= CpRT 


n (p4^) (pg) [A]? (By (RTA 


727208 Da 


c d 
= ia (RD) KE ART)” 
[A] [B] 
where An = (number of moles of gaseous products) — (number of 
moles of gaseous reactants) in the balanced chemical equation. 


(It is necessary that while calculating the value of Ky pressure 
should be expressed in bar as standard state is 1 bar). We have 


known from Unit 1. 
1 Pa, = 1 N m^, and 1 bar = 105 Pa 
K values fora few selected reactions at different temperatures 


are given in Table 7.3. 


Table 7.3 Equilibrium Constants, K, for a few selecteq 


reactions 
Er 
298 6.8 x 105 


N,(g) + 3H,(g) —— 2NH, 
41 


3.6 x 192 
4.0 x 1024 
2.5 x 1010 
3.0 x 104 

0.98 

47.9 
1700 


2S0,(g) + O,(g) === 2S0,(g) 


N,0,(g) —— 2NO,(g) 


7.4.6 UNITS OF EQUILIBRIUM CONSTANT 


The value of equilibrium constant K, can be calculated by 
substituting the concentration terms in mol L~! and for K 
partial pressure is substituted in Pa, kPa, bar, or atm. This results 
in units of equilibrium constant based on molarity or pressure, 
unless the exponents of the numerator and denominator are same. 


For the reactions 
H,(g) + L(g) == 2HI, K, and K, have no unit. 


N,0,(g) == 2NO,(g), K, has unit mol L^! and K ; has 
unit bar. 

Equilibrium constants can also be expressed as dimensionless 
quantities if the standard state of reactants and products is 
specified. For a pure gas, the standard state is 1 bar. Therefore. 
a pressure of 4 bar in standard state can be expressed as 
4 bar/1 bar = 4, which is a dimensionless number. Standard state 
(co) for a solute is 1 molar solution and all concentrations can be 
measured with respect to it. The numerical value of equilibrium 
constant depends on the standard state chosen. Thus, in this system. 
both K, and K, are dimensionless quantities but have different 
numerical values due to different standard states. 


7.4.7 CHARACTERISTICS OF EQUILIBRIUM CONSTANT 


a. The value ofthe equilibrium constant for a particular reaction 
is always constant depending only upon the temperature of 
the reaction and is independent of the concentrations ofthe 
reactants with which we start or the direction from whic 
the equilibrium is approached. 

b. If the reaction is reversed, the value of th 
constant is inversed. 

c. If the equation (having equilibrium constant 
by 2, the equilibrium constant for the new equa 


e equilibrium 


K) IS divided 

tion is the 
square root of K (i.e. VK ). pr 

d. Ifthe equation (having equilibrium constant K) is multiple. 
by 2, the equilibrium constant for the new equation is t 
square of K (i.e., K?). 


A 


r 


" : wo steps (having equilibrium co 
x K, = 
variation of equilibrium constant w 
action equation (K = equilibrium 
action) is given as below: 


When the equation the new equilibrium iS const 


nstant K | and K,), then 


ith variation of the 
constant for original 


ant is 
Reversed UK — 
Divided by 2 JK 
Multiplied by 2 e 
Divided into two steps Ken, x K, 


[ The magnitude of the equilibrium constant gives an idea of 
the relative amounts of the reactants and the products. 

a. The value of the equilibrium constant is 

- addition of a catalyst to the reaction, 


This is because the catalyst increases the speed of the 


forward reaction and the backward reaction to be same 
extent. 


not affected by the 


The following concentrations were obtained for the formation of 
\H, from N, and H, at equilibrium at 500 K. [N,] = 1.5 x 102 


V. [H,] = 3.0 x 10? M, and [NH,] = 12 x 102 M. Calculate 
the equilibrium constant. 


‘Sak The equilibrium constant for the reaction, N,(g) + 3H,(g) 
== 2NH,(g) can be written as 


r- MBO 


7 (12.310 ^? 
[N(()IHS(g]' — (15x10?) (3.0 x 102? 
= 0.106 x 10^ = 1.06 x 103 


^t equilibrium, the concentrations of N,-30x10?M,0, = 


42x 10? M, and NO =2.8 x 102 M in a sealed vessel at 800 K. 
What will be K for the reaction 


N,(g) + O,(g) : 2NO(g) 


$4 For the reaction equilibrium constant, K, can be written 
as 


g- NOP 


C 


(2.8 x 10° M}? 
[N;][O;] (3.0 x 10°M) (4.2 x 10? M) 


MiermarioN 7.44 


inthe reaction, PCI., PCI, & Cl, are at equilibrium at 500 K and 
ving concentration 1.59 M PCI, 1.59 M Cl, and 1.41 M PCI, 
alculate K e for the reaction. 


= 0.622 


PCL “r PCI, + Cl, 
I x .IPChICL] _ (1.59? 


[PC] ^ (14D 


= 1.79 


Constant K) is Written 
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The value of K, is 4.24 at 800 K for the reaction: 
CO(g) + H O(g) == CO,(g) + H, (g) 


Calculate equilibrium concentrations of CO,, H}, CO and H,O at 


800 K, if only CO and HO are present initially at concentration 
of 0.10 M each. 


Sol. For the reaction, 


CO(g) + H,O(g) === CO,(g) + H (g) 
Initial concentration: 
01M OIM 0 0 
Let x M of each of the product be formed. 
At equilibrium: 
(0.1 — x)M (0.1 — x) M xM xM 
Where x is the amount of CO, and H, at equilibrium. 
2 
| pum E 
€ (0.1— x) 
X, = 4.24(0.01 + x? — 0.2x) 
x? = 0.0424 + 4.24x? — 0.848x 
3.24x? — 0.848x + 0.0424 = 0 
a = 3.24, b = 0.848 
c = 0.0424 
(for quadratic equation ax? + bx + c = 0), 


-b + AGO? — 4ac) 
es M 1 


2a 


0.848 + (0.848)? — 4(3.24(0.424) 
uu (3.24 x 2) 
x = (0.848 + 0.4118)/6.48 
x, = (0.848 — 0.4118)/6.48 = 0.067 
x, = (0.848 + 0.4118)/6.48 = 0.194 


4.24 


The value of 0.194 should be neglected because it will give 


concentration of the reactant which is more than initial 
concentration. 


Hence the equilibrium concentrations are. 
[CO,] = [H)] = x = 0.067 M 
[CO] = [H50] = 0.1 — 0.067 
7 0.033 M 


For the equilibrium, 


2NOCI(g) === 2NO(g) + Ch (g) K, is 3.75 x 10? at 1069 K. 
Calculate the K, for this reaction at this temperature 


SD x, - Ker 


An=(2+1)-2=]1 
K, = 3.75 x 10 * (0.0831 x 1069)! = 0.033 
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The value for K, for the reaction, 


CO,(g) + C(s) =— 2CO(g) 


is 3.0 at 1000 K. If initially Pco, = 0.48 bar and Poo = 0 bar 


and pure graphite is present, calculate the equilibrium partial 
pressures of CO and CO, 


[Sol For the reaction, let ‘x’ be the pressure of CO,, then 


CO,(g) + C(s) == 2CO(g) 
[Initial pressure] — 0.48 bar — 0 
[At equilibrium] (0.48—x)bar | — 2x bar 
? 
. _ Pco 
A o 
P Pco, 


K, = (2x)?/(0.48 — x) = 3.0 
4x? — 3(0.48 — x) 

4x! = 1.44 - àx 

43) + 3x 14420 
a=4,b=3,c=-1.44 


_ -bt Jb? — 4ac 


2d 


3t) -4x4x(-144) 
mon eie ouod aec 
2x4 
= (-3 + 5.66)/8 


(as value of x cannot be negative hence neglect that value). 
x = 2.66/8 = 0.33 


The equilibrium partial pressures are, 
Poo = 2x =2 x 0.33 = 0.66 bar 
Pco, = 0.48 — x = 0.48 — 0.33 

= 0.15 bar 


40% of a mixture of 0.2 mol of N 


, and 0.6 mol of H, reacts to 
give NH, according to the equatio 


n: 
N (g) + 3H,(g) == 2NH,(g) 


at constant temperature and pressure. Then the ratio of the final 
volume to the initial volume of gases are 


a. 4:5 b. 5:4 cn7:10 
ESTED a. N,(g) + 3H,(g) =— 2NH,(g) 


s [02 | aw [0 
At equilibrium 


Also, 0.4 - — — x — 0.08 
0.2 


d. 8:5 


Vr (Mom) 08—2x 
Ratio = — = tous 708 


V; ("roti )i 


2 X 

04 
0.08 4 
0.40 5 


Arrange the following in order of increasing tendenc 
forward reactions to proceed towards completion at 2 
one atmospheric pressure: 


a. H,O(g) ——— H OC; Kk, = 782 
b. F,(g) == 2F(g); K, = 4.9 x 107! 


Y Of the 


en P = , 69 
c. C (eraphite) + 0,(g) —— CO,(g); K.=1.3 x 10 
d. N,O,(g) TES 2NO,(g); K. =4.6 x 103 
e. H,(g) AE C)H,(g) e: CjH.(g); K, — 9,8 x |018 


Sol. b<d<a<e<c 


Higher the value of equilibrium constant higher is the 
tendency to proceed in forward direction. 


The equilibrium constants of the dissociation of various oxides 
of an element A are given at constant temperature: 


a. 2A,0(g) —— 2A,(g) + O,(g); K, = 4.0 x 1099 
b. 2AO(g) === A,(g) + 0,(g); K —2.0 x 1077 

c. 2A0,(g) === A,(g) + 20,(g); K,.=7.0 x 103 
d. 2A,0,(g) =— 2A,(g) + 50,(g); K= 1.0 x 10? 


Write the stability of these oxides in increasing order. 


WEE NeT 
IDE 


Sol, A0, «AO « AO < AO, 


At higher rate constant, the reaction will have more tendency 
to go on completion. 


In this case, metal oxide dissociates in forward direction. 


Therefore, the metal oxide with lesser value of equilibrium 
constant will be stable. 


2NH;(g) —> N, (2) +3H,(g) 


heated 
till 100 K 


N,H,(s) —o N, (g) + 2H, (g) 


Assuming complete decomposition of NH, and N,H, 


P — 0.3 atm P — 2.7 atn 
T= 300K T= 200K 
VL VL 

Mole 


% of NH, in original mixture is (assume both concentration 
same volume) 


a. 25% b. 20% c. 75% d. 37.5% 


" Using equation 
PVF nRT 
n^ moles of NH, 
n moles of NH, 

03 * V - (n +t n.) x R x 300 


37x V= Qn, + 3n,) x R x 1200 
2n + 3m = (2) 
A ae 
n * 4 
I ds 
Ny 3 


M 75% 


n> 


á 


write the expressions for equilibrium constant for the following 
actions. If the concentrations are expressed in mol L-7, give 
ge units in each case. 


a. NO, (g) —— 2NO,(g) 

b. 2S0,(g) + O(g) ==> 2S0,(g) 

c. 4NH,(g) + 50,(g) ——— 4NO(g) + 6H,O(g) 
d. N(g) + 3H,(g) ——— 2NH,(g) 

e. 2HI(g) —— H,(g) + L(g) 

f.CaCO,(s) ==> CaO(s) + CO,(z) 

g. 3Fe(s) + 4H,O(g) ———  Fe,O,(s) + 4H,(g) 
h. 2N,O.(g) ——— 4NO,(g) + O(g) 


2 
a K, EXON units; mol L 
294 
2 
b. K,= m units; mol E 
[SO,} [O;] 
4 6 
e K= ar Tr , units; mol L” 
3 2 
2 
d. K, Di, units; mol ? [^ 
[N;][H;] 
e K.- E , no units 
f. K -[CO,] units; mol L~’ 
4 
& K,= En z; no units 
[H50] 
4 
h. K, QUESTI 0a] ; units mol? L° 
[N7204] 
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At a certain temperature, the equilibrium constant (K ) is 16 for 
the reaction: 

SO,(g) + NO,(g) ——— SO,(g) + NO(g) 
If we take one mole of each of the four gases in one litre container, 
what would be the equilibrium concentration of NO and NO,? 


(SGM SO,g) + NO(g) —— SO,(g) + NO(g) 
Initial l | l | 


conc. 
Equilibrium | —x |-x | +x I+x 


conc, 


Applying the law of mass action, 
_ [SO,][NO] (i+ x) (+x) _ 
* [SO ][NO,] q0-390-3 
l+x 


——=4orl+x=4-4x 
l= % 


16 


or 5x =3, Le x- 2-06 


Concentration of NO, at equilibrium = (1 — 0.6) = 0.4 mol 
Concentration of NO at equilibrium = (1 + 0.6) = 1.6 mol 


LAT PON k 


A mixture of SO,, SO,, and O, gases is maintained in a 10 L 
flask at a temperature at which the equilibrium constant for the 
reaction is 100: 
2S0,(g) + O,(g) ——— 2SO04(g) 
a. If the number of moles of SO, and SO, in the flask are 
equal, how many moles of O, are present? 
b. Ifthe number of moles of SO, in flask is twice the number 
of moles of SO,, how many moles of oxygen are present? 


“Sol. ) a. 2SO,(g) + O,(g) === 2S0,(g) 


At equilibrium, let the number of moles of each of SO, 
and SO, be n, and of oxygen n,, i.e. 


n 
S0,]-— 
pas 
n 
0,]-— 
lode: 
n 
SO,J=— 
IPOs 
Applying the law of mass action, 
a) 
x =B __ M10" _ 99 
© [SO] [05] (^) (2) 
10/ MIO 


n, — 0.1 mol 
Oxygen = 0.1 mol 
b. Let the number of moles of SO, be = n 


So number of moles of SO, =2n, 
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Let the number of moles of oxygen be = n, 


(24) 
E or 100 = — 


"Uu 
10/ N10 


nj 0.4 mol 


Oxygen = 0.4 mol 


The value of K, for the reaction 


Ng) + 3H,(g) = 2NH,(g) 
is 0.50 at 400°C. Find the value of K, at 400°C when 
concentrations are expressed in mol L'! and pressure in atm. 
| Sol. Applying the relationship 
E K (RT) 
K, 7 0.50, R = 0.082 L-atm deg ! mot! 
T(400 + 273) = 673 K, An = (2-4) = 2 
K, = 0.5(0.082 x 673)? = 0.5(55.185)* = 1.64 x 104 


For an ideal gas reaction 


2A +B => C+D 


the value of K, will be: 
a. K ISDN d Be Ko eto Im 
na ng RT n4 ng RT 
ck UN gg Tip. E 
nyng V A 4n; ng RT 
EEB b. 21 +8 — C+D 
ncRT npRT 
K= = VV _ ncn EA 
Pa -Pg (28r) (22T) n,n, RT 
VIN 


For a reaction aA(g) ==> bB(g) at equilibrium, the heat of 
reaction at constant volume is 1500 cal more than that at constant 
pressure. If the temperature is 27°C, then 


a. K, re 


b. K,> K 
c. K < K. 


d. None of these 


ISOD Since AU > AH = An,<0 — [s AH=AU+ An RT] 


K — 
Also, 74 - (RTy"* and RT >| R = 0.0821 
c T =300K 


=> K,<K, 


Given that K, for equation (i) given below has a value of 256 í 
1000 K. Calculate the numerical values of K, for other reactjg " 
(ii), (iii), and (iv). 


i. 2A,(g) + B(g) == 2A,B(g) 
ii. 2A,B(g) m= 2A,(g) U B,(g) 
iii. A,(g) + 1/2B,(g) —— A,B(g) 


iv. A.B(g) m A,(g) + 1/ 2B,(g) 


WD i iii. 16 iv, L 


At 540 K, 0.10 mol of PCI, is heated in a 8 L flask. The pressure 


of equilibrium mixture is found to be 1.0 atm. Calculate K and 
K for the reaction. 


At equilibrium (mole) 


(0.1 — x) x x 
Total number of moles, n = (0.1 — x) + x + x = (0.1 + x) 
PV =nRT 
1 x 8 — (0.1 + x) x 0.082 x 540 
or x = 0.08. 
[PCI,]= 0.1—x 
PCI 
me [PC ][Ch ] [POI e 
s [PCI] ME 
X 
i= 
[Cl;] 7 
x/V x= 
Se RN 
(0.1— xy/V 
M 
(0.1 — x)V 
(0.1— x)x8 
_ 0.08 x 0.08 


= = zz 2 
(0.1 -0.08)g 74% 107 mol L 
K, = K (RT) 

= K RT (An= +1) 

= 4 x 10? x 0.082 x 540 = 1.77 atm 


Prove that the pressure 


re necessary to obtain 50% dissociation of 
PCI, at 250°C is numerically three times of K 
»: 


0 0 
5 m PCI + CL 
(1 —0.5) 


Initial mole 


0.5 0.5 Mole at equilibrium 


BE» 


Chemical Equilibrium — ^*^^ 


gota mole at equilibrium = 0.5 + 0.5 + 0.5=1.5 Note that the pressure of C due to dissociation of X 
(93 p) & p) will also be a mm and similarly the pressure of C due 
ppc Pch _ S15 1 — ini to dissociation of Y will also be b mm. 
K Ho 05 (p = initial pressure) 
p Prok (3 p) => po lat b) mm 
K, (for X) = p4. po = a(a + b) = 400 (i) 
1 B _ _ (ii 
ot Kp 37 K (for Y) = Pg -Pc b(a + b) = 1600 Ai) 
From (i) and (ii), we get: 
orp ^ 3K p a | 
b 4 
as volume and temperature are constant, the mole ratio , 
when sulphur in the form of S, 1s heated at 900 K, the initial will be same as the pressure ratio. 
lls by 10% at equilibri is i 
assure of | atm falls by He equilibrium. This 1s because c. The total pressure = Po-p,tPs + pc 
conversion of some S, to S,. Find the value of equilibrium | 
rant for this reaction. ab (a b) - Xa * b) 
m Adding (i) and (ii) 
Sg) == 45,(g) a+ b= Ko + Kpr = 52000 = 2045 mm 
Initial mole i — Total pressure = 2(a + b) = 89.44 mm 
At equilibrium ]-x 4x ! 
(1 — 0.10) (4 x 0.10) RE 
ui dé For a homogenous gaseous reaction X(g) + 2Y(g) —— Hg), at 
ing the | fm ti : 
Applying ON D a 473 K, the value of K, = 0.35 concentration units. When 2 moles 
[p] (04 ^ 0.0256 of Y are mixed with 1 mole of X, at what pressure 60% of X is 
2 
{== - z 0.03a 
converted to Z? 
Sok Since the pressure is to be calculated, so first find K, using 
the relation between K, and K y 
; zo. dl K, = 0.35, R = 0.0821, T= 473, 
Two solids X and Y dissociate into gaseous products at a certain 
temperature as follows: For reaction X(g) + 2Y(g) = Z(8) 
An_=n,-n,=1-(2+ 1) =-2 
Ms) —— Ale) + Cle), and Y(s) => B(g) + € AP. 
(s) (g) (g), an (s) (8) (B) K, fon K (RT) = 0,35 x (0.0821 x 473y? =) 32x 104 
Ata given temperature, the pressure over excess solid X is 40mm ; . 
EGS [Note: Volume of flask is also not given. So, convert K, to K ] 
and total pressure over solid Y 1s 80 mm. Calculate 5 c p 
a. The values of K, for two reactions. The expression for K, is: K, = — 
p Px (Py) 


b. The ratio of moles of A and B in the vapour state over a 
mixture of X and Y. 
c. The total pressure of gases over a mixture of X and Y. 


At equilibrium 2—2x 


ED.. X) = A) + C8) = Total ol = 
At equilibrium, A and C are in equal proportions, so Á - : (np kel 
their pressures will be same. Let P = equilibrium pressure, then partial pressure of X, Y 
p and Z are: 
A Pc 1-x 2 
_ — 2x x 
Also p, + po = 40 = p4 = pc - 20mm > Pica al aa ae ad 
= K,= p,. po (20)? = 400 mm" f. 
Similarly for Y(s) ==> B(g) + Cle), K, = pe AE rec a 2xy 
p, 7 p, 7 40 mm (p + pc - 80) | l-x P) e! P'q-x)Q-2xy 
= K, = py. pz 7 40? = 1600 mm? PUE VASE 
b. Now fora mixture of X and Y, we will have to consider => x- 0.6 (given) 
both the equilibrium simultaneously. 0.6(3-1 2)* 
s Edad es -4 
X(s) —— A(g)*C(8 P p(1-06)2-12y | He 
and Y(s) == Bee) + Ce) = P?=(1.8 x 107) => P= 180 atm 


Let p| = a mm, py = b mm 


1 AN 
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| 
| ILLUSTRATION 7.64 
| 


| Solid NH,HS(s) (ammonium hydrogen sulphate) dissociates 
to give NH,(g) and H,S(g) and is allowed to attain equilibrium 
at 100°C. If the value of K, for its dissociation is found to be 
0.34, find the total pressure at equilibrium and partial pressure 
of each component. 


ISa NH,HS(s) ==> NH,(g) + H,S(g) 
Since NH,HS is a solid, hence ayy yg = ! and its un- 
dissociated amount will not effect the total pressure (due to 
gaseous NH, and H,S only). Let x be its moles decomposed 
at equilibrium and P be the equilibrium pressure. 


Total moles at equilibrium = Moles of (NH, + H,S) = 2x 


(only gaseous moles) 


(For equimolar proportions, partial pressures are equal) 


“Ky =Pus-Pyu, (Ongs ™ D 


=> 034-22 
2 2 
2 
3 F =034>P= 4x 0.34 =1.17 atm 
P . 
> Pus, =-= = = 0.585 atm 
P ll 
and Pus = = = =0.585 atm 


At 700 K, the equilibrium constant K 7 for the reaction 
2SO,(g) ——— 280,(g) + O,(g) 


is 1.80 x 10-3 kPa. What is the numerical value of K, in moles 
per litre for this reaction at the same temperature? 


Sol. For the reaction 


2S0,(g) ——— 280,(g) + O,(g) 
Here hu 3 mol, n, — 2 mol 
n An-n,-n,-3-2- ] mole 
f= 1.80 x 10? kPa 
R= 8314 J K^! mol! 
T-700K 
Using the relation, K, = K (RT)^" 


x - Ke 180x107 _,, , | 
© RT 8314x700 79 * 10 molL 


The equilibrium of formation of phosgene is represented ag. 
CO(g) + Cl(g) == COCL(g) 

The reaction is carried out ina 500 mL flask. At equilibrium, 03 

mol of phosgene, 0.1 mol of CO, and 0.1 mol of CI, are Present 


The equilibrium constant of the reaction is 
a. 30 b. 15 e. 5 d. 25 


EN b. For the reaction 


CO(g) + Cl,(g) == COCL(g) 


[COCI, ] 
The equation constant, K, = [CO][CL] À 
mol 03 
i COCI,] = ——-2— | 
The concentration of [ 2] ZOE mol L 


0.1 4 
= — mol L 
[CO] 0.5 


0.1 4l 
= — mol L 
[CL] 0.5 


Therefore, on substituting all the values in expression 


(1), we get 
0.3 
_ 05 03,05. 05 
ECCO 5 01 01 
0.5/0.5 
_ O15 _ 1. 
0.01 


K, = K (RT)! 
K, = K (Pyne 


If two gases AB, and B,C are mixed, following equilibria are 
readily established: 
AB,(g) + B,C(g) — AB,(g) + BC(g); 
BC(g) + B,C(g) => B,C,(g) 

If the reaction is started only with AB, with B,C, then which of 
the following is necessarily true at equilibrium? 

a. [AB,]. a EBC] " b. [AB,] "an [B,C]., 

€. [4B,],, > [B4C;],, d. [4B,].. > [BC], 


8. 


: ) 
(c EN 
f pp * P8 = ABe) t Beg) 


x y 0 0 
y-Z yore Z z 
gpr BC EA 
ANE 
ga a 
pag * BC = B,C Ae) 
; y=z 
e otl y-z2-z a 


pet Type 


“the equilibrium constant for the reaction 
l. 


CaCO,(s) ——— CaO(s) + CO,(g) IS: 


l : 
Ko (2) K, = [CO] 
" _[CaO}[CO>] ( 2 [CaCO,] 
G ACT [CaCO] d [CaO][CO,] 


; For the reaction C(s) + CO;(g) == 2CO(g), the partial 
sressure of CO, and CO is 2.0 and 4.0 atm, respectively, 
ai equilibrium. The K, of the reaction is 
aos Q50 — (300 

3 na chemical equilibrium, K = K, when 


(4) 8.0 


(1) The number of molecules entering into a reaction is 
more than the number of molecules produced. 

(2) The number of molecules entering into the reaction is 
equal to the number of molecules produced. 

(3) the number of molecules entering into the reaction is 
less to the number of molecules produced. 

(4) None of the above. 

4 In a general reaction A + B —— AB, which value of 
squilibrium constant most favours the production of AB? 
(9.0 x 193 (2) 3.0 x 10? 

5)90 x 1077 (4) 9.0 x 107? 

* During thermal dissociation of a gas, the vapour density. 
(!) Remains the same 
(2) Increases 


(3) Decreases 


4) Increases in some cases and decreases in others 


The Vapour density of fully dissociated NHC! would be 
(1) Less than half of the vapour density of pure NH,CI 
7) Double of the vapour density of pure NH,CI 
8) Half of the vapour density of pure NH,CI 
; itas of the oe reagan NH,CI 
& — "eSible reaction, 2HI(g) ===> H,(g) + L(g). K, 


(1) Greater than K 
y Equal to K i 


~ 


(2) Less than K, 
(4) Zero 


I1. 


12. 


13. 


14. 


15. 


. For the reaction, H,(g) + CO,(g) ——— CO(g) + H,O(g), 


. 15 mol of H, and 5.2 moles of L, are mixed and 
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At 500 K, the equilibrium constant for reaction 
i ; IS same 
cis-C,H,Cl, === trans-C,H,Cl, is 0.6. At the sal 
temperature, the equilibrium constant for the reaction 
trans-C,H,Cl, == cis-C,H,Cl, will be 
(1) 1.67 (2) 1.65 (3) 1.06 


(4) 1.60 


A L , * 4, H v " , gi | 
. 2 mol of N, is mixed with 6 mol of H, in a closed vesse 


of one litre capacity. If 50% N, is converted into NH, at 
equilibrium, the value of K, for the reaction 


N,(g) + 3H,(g) == 2NH,(g) 


(2) 27/4 (3) 2/27 (4) 20 


(1) 4/27 


if the initial concentration of {H,] = [CO,] and x mol L 
of H, is consumed at equilibrium, the correct expression | 


of K is: 
p 2 
() ——, (2) TE 
(1 xy? (| 3» 
2 | 
l+ x x 
eee (4 | 
» (2+ x)? m | 


Partial pressure of O, in the reaction 


2Ag,O(s) == 4Ag(s) + O,(g) is 


DAK, ~@) JK, 


Two moles of PCI; is heated in a closed vessel of 2 L 
capacity. When the equilibrium is attained, 40% of it has 
been found to be dissociated. What is the value of K in 
mol dm? 


(1)0.530 = (2)0.266 
For the reaction: 

2NO,(g) == 2NO(g) + O.(g) 
K „= 1.8 x 10% at 184°C 


(1) K, (4) (KP 


(3)0.130 (4) 0.170 


.R «0.0831 kJ K^! mor! 


when K and K, are compared at 184°C, it is found that 
(2) K, is less than K. 


(4) None of the above 


(1) K, is greater than K, 
GJK =K, 
NH,COONH,(s) ==> 2NH,(g)+C O,(g). If equilibrium 
pressure is 3 atm for the above reaction, K, will be 

(1)4 (2) 20 (3) 25 (4) 15 

A+B => C+D 

If initially the concentration of 4 and B are both equal but 


at equilibrium concentration of D will twice that o£ 4, then 
what will be the equilibrium constant of the reaction? 


(1) I (2) 2 (3) 3 (H4 
allowed 
to attain equilibrium at 500°C. At equilibrium, the 


concentration of HI is found to be 10 mol. The equilibrium 
constant for the formation of HI is. 


(1) 50 (2) 25 (3) 200 


(4) 15 
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17. For the reaction: 2NOCI(g) == JNO) i CL(g), K, at 
427°C is 3 x 105 L mol. The value of K, is) 


(DT (2) 2.5 x 10° 
(3) 2.0 x 104 (4) 1.75 x 104 
18. For the reaction 
CuSO, 5H,O(s) == cuS0,3H,0(s) + 2H,O0(g) 
Which one is the correct representation? 
- 2 
QE Pao!” (2) K, = [H,0] 
(3) K, = K (RT) (4) All 
19. Which one is the correct representation for the reaction 


2S80,(g) + O,(g) <=} 2S0,(g) 


] 

(1) K, = Da 
[Pso, ] [Po, ] 

Q) K, = — Sos 


2 -] 
TER. aee S 


[nso / [70, Total mole 
(4) All the above 
| 20. For the reaction CO(g) + CL,(g) = COCL(g), K/K, 
is equal to: 


(1) 1/RT (2) RT (3) VRT (4) (RT) 
21. The equilibrium constant for the reaction 
N,(g) + 0,(g) VRT 2NO(8) 
at temperature Tis 4 x 10 ^. 


The value of K, for the reaction 
] ] 
NO(g) == 2; Note) T O,(g) 
at the same temperature is 


(1) 25 10% (2) 50 (3) 4 x 104 (4) 10.00 
22. K JE. for the reaction 


| l A 
CO(g) + 5 0X8) —— CO,(g) is 
l 1 
(4) — 

(RT) JRT 
23. The unit of equilibrium constant, K, for the reaction 

A+B = C would be 

(1)mol!L (2)molL! (3)molL (4) No unit 


24. For which of the following reactions does the equilibrium 
constant depend on the units of concentration? 


(1) RT (2) (RT)? (3) 


l l 
(1) NO(g) —— z N8) + 5 028) 
(2) C,H,OH() + CH,COOH(1) == CH,COOCH,(I) 


+ H)O(l) 
(3) 2HI(g) == H,(g) + L(g) 


25. 


26. 


27. 


28. 


29. 


30. 


3 


3 


3 


(4) COCI,(g) == Cole) + Cl,(g) 
To the system, 
LaCl,(s) + H,O(g) ——7 LaClO(s) + 2HCI(g) — Heat 
already at equilibrium, more water vapour is added without 
altering temperature or volume of the system. When 
equilibrium is re-established, the pressure of water vapour 
is doubled. The pressure of HCl present in the system 
increases by a factor of 
(02 PaP (3) 2!» (4) 2? 
For the reaction, A(g) + 2B(g) ——2 2C(g), the 
rate constant for forward and the reverse reactions are 
1 x 10-4 and 2.5 x 107? respectively. The value of 
equilibrium constant, K for the reaction would be 
(2x10 (2)3* 102 (3)4% 10% (4)3* 10° 
The equilibrium constant for the reaction 

A,(g) + By(g) = 2AB(g) 


is 20 at 500 K. The equilibrium constant for the reaction 


2AB(g) === A,(g) + B(g) would be 
(1) 20 (2) 0.5 (3)005 . (510 


For the reaction Ag(CN),° ——— Ag? + 2CN^, the K at | 
45°C is 4 x 10-9. Calculate [Ag?] in solution which was 
originally 0.1 M in KCN and 0.03 M in AgNO.. 


Ata certain temperature, the equilibrium constant K is 16 
for the reaction, SO,(g) + NO,(g) = SO,(g) + NO(g). 
If 1.0 mol each of all the four gases is taken in a one-litre 
container, the concentration of NO, at equilibnum would 


- be 


— 


2. 


w 


(1) 1.6 mol L^! (2) 0.8 mol L^! 
(3) 0.4 mol L~! (4) 0.6 mol L~! 


HI was heated in a sealed tube at 400°C till the equilibrium 
was reached. HI was found to be 22% decomposed. The 
equilibrium constant for dissociation is 


(1) 1.99 (2) 0.0199 
(3) 0.0796 (4) 0.282 


. For the equilibrium AB(g) ===> A(g) + B(g) ata give? 


temperature, the pressure at which one-third of AB i5 
dissociated is numerically equal to 


(1) 8 times K, (2) 16 times &, 

(3) 4 times K, (4) 9 times K, 

In a reversible reaction, if the concentration of reactants 
are doubled, the equilibrium constant K will: 

(1) change to 1/4 K (2) change to 1/2 K 

(3) change to 2 K (4) remain the same 


. For the equilibrium AB(g) = A(g) + B(g). K, is equa! 


to four times the total pressure. Calculate the number moles 
of A formed if one mol of AB is taken initially. 


(1) 0.45 (2) 0.30 (3) 0.60 (4) 0.90 
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herë 


15 HOMOGENEOUS EQUILIBRIA 


„homogeneous system, all the reactants and products are in the 
ne phase. For example, in the gaseous reaction, N,(g) + 3H,(g) 
vel 2NH,(g), reactants and products are in the homogeneous 
‘ose Similarly, for the reactions, 

cH,COOC,H,(aq) + H)0() —— CH,COOH(aq) 

+ C,H,OH(aq) 

snd Fe" (ag) + SCN°(aq) == Fe(SNC)**(aq) 
Jhe reactants and products are in homogeneous solution 
se. We shall now consider equilibrium constant for some 


«mogeneous reactions. 
Homogeneous gaseous equilibria are best classified into two 


ztegories, 1.€. 
i In which the number of product molecules is equal to the 
number of reactant molecules. 
For example: 
H, +1, —— 2HI 
N, +0, — 2NO 
CO + H,O = o+ 
iL In which the number of product molecules is not equal to 
the number of reactant molecules, 
SO,CL(g) == SO,(8) + Cl,(g) 
N,O,(g) = 2NO,(g) 
PCl(g) —— PCL,(g) + Cl (g) 
N, + 3H, <== NB. 


] 
32 HETEROGENEOUS EQUILIBRIA 


ystem is 


A chem; 
hemical reaction is said to be heterogeneous if the s 
geneous 


ay 
Ng more than one phase. Few example, of hetero 
“Wuilibria de 


l. The dissociation of solid ammonium chloride. 
NH,Cl(s) == NH,(8) + HCI(g) 
2, 
The decomposition of solid NH,HS. 


á NH,HS(s) == NH,(g) + H,S(8) 
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3. Ca(OH),(s) + (aq) == Ca? (aq) + 20H°(aq) 


Heterogeneous equilibria often involve pure solids or liquids. 
We can simplify equilibrium expressions for the heterogeneous 
equilibria involving a pure liquid or a pure solid, as the molar 
concentration ofa pure solid or liquid is constant (i.e., independent 
of the amount present). In other words, if a substance X is involved, 
then [X(s)] and [X(/)] are constant, wherever the amount of X is 
taken. Contrary to this, [X(g)] and [X aq)] will vary as the amount 
of X in a given volume varies. Let us take thermal dissociation of 
calcium carbonate which is an interesting and important example 


of heterogeneous chemical equilibrium. 
CaCO,(s) = CaO(s) + CO,(8) 
On the basis of the stoichiometric equation, we can write 


_ [CaO(9)][CO; (8)] 
j [CaCO;(s)] 
_ Since [CaCO,(s)] and [CaO(s)] are both constant, therefore, 
modified equilibrium constant for the thermal decomposition of 


calcium carbonate will be 
K' = [CO,(8)] 


or K, -Pco, 


7.5.3 CALCULATION OF DEGREE OF DISSOCIATION 
FROM VAPOUR DENSITY MEASUREMENT 


The degree of dissociation of a substance at a particular 
temperature is defined as the fraction of the total number of 
molecules dissociated into simpler molecules at that particular 
temperature, i.e. 
TR Number of moles dissociated 
Degree of dissociation (à) = 7, — | rof moles taken 
Total number of moles taken 


The degree of dissociation can be calculated from vapour 
density measurements for those substances that are accompanied 
by change in the number of moles. 


(e.g. PCI, == PCI, + Cl, or NO, ——2 2NO,, etc.) 
Taking the example of dissociation of PCI, suppose we 


start with 1 mol of PCI, and a is its degree of dissociation at the 
experimental temperature. Then we have 


PCl.(g) = PCl(g) + Cle) 
Number of moles l 0 0 
before dissociation 
Number of moles after l-a a a 
dissociation 
Suppose the volume occupied by the vapour mole^! 
= V L Then, 

Before dissociation: Total number of moles = 1. Hence, total 
volume = VL. If D is the vapour density of PCI, before dissociation 
(called theoretical vapour density), then 

D œ 1/V (Density œx 1/Volume) » () 

After dissociation: Total number of moles 


-(1-a)*a*a-l-*a 


477» 
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Total volume occupied by the reaction mixture 
—(-o)FL 


Now, if d is the density of the vapour (called observed 
density), then 


d c 1/(1 * aà)V (ii) 
Dividing equation (i) by equation (ii), we get 
D 1/V D 
— =——— = l+aora=—-]1 
d (1o) d 
or a= Br ...(H1) 
d 


As molecular weight = 2 x vapour density, equation (iii) can 
also be written as 
M,- M, 
a = 0 
Mo 


where M, = theoretical (calculated) molecular weight; 


(iv) 


M, = observed (experimental) molecular weight. 


Alternatively, observed molecular weight can be calculated 
from the weight of a definite volume of the vapour at particular 
temperature, using the relation 


P (as n = w/M) 


In case of dissociation of N,O,, we can write 
N)O,(g) == 2NO,(g) 


PV -— RT or M= 
M 


Number of moles before 1 0 
dissociation 

Number of moles after l-a 20. 
dissociation 


Total moles=1+a 


Hence, the same formulae will apply as for the dissociation 
of PCI... 


The degree of dissociation of HI at a particular temperature is 
0.8. Calculate the volume of 2 M Na,S,O, solution required 
to neutralise the iodine present in an equilibrium mixture of a 
reaction when 2 mol each of H, and L, are heated in a closed 
vessel of 2 L capacity and the equilibrium mixture is freezed. 


2HI(g) + Hg) + L(g) 


Before dissociation ] 0 0 
, a a 
After dissociation (l-a) = = 
2 2 
2 2 
a 0.8 : 
= = 4 (since, a = 0.8) 
4(] — a) 4(1 — 0.8) 
Now, H (g) + L(g) == 2Hl(g) 
Initial moles 2 2 0 
Moles after reaction (2 - x) (2 - x) 2x 
"uu NE. 
K! =— = 5 
K. (2-x) 


2 
or x=- 
5 


2 
Thus, moles of L left = 2— 2 L2 


Equivalents of Na,S,O, = Equivalents of L left at equilj. 
brium (where V is the volume in L) 


jp ud 
5 


V=1.6L 


At 1000 K, the pressure of iodine gas is found to be 0.1 atm 
due to partial dissociation of I,(g) into I(g). Had there been no 
dissociation, the pressure would have been 0.07 atm. Calculate 
the value of K, for the reaction: L(g) == 2I(g). 


jol. ) Analysing in terms of pressure directly: 


— Total pressure at equilibrium 
= (0.07 — p) + 2p = 0.1 (given) 
=> p= 0.03 atm. 


g -V py _ 2 «0.03 
^ py (007-p) 0.07-0.03 


Substituting value of p, we get 
=> Ks = 0.09 atm units 


Calculate the percentage dissociation of H,S(g) if 0.1 mol of 
H,S is kept in a 0.5 L vessel at 1000 K. The value of K, for the 
reaction 2H,S ==> 2H,(g) + S,(g) is 1.0 x 107. 


‘Sol. ) 2H,S(g) == 2H,(g) + S-(2); 
Volume of vessel = V = 0.05 L 


Let x be the degree of dissociation 


[HS] 2 | - 0. Br 
Y 
Assuming 0.1 — 0.Ix = 0.1, we get 


13 
a 2 dU sai 
WV 


Degree of dissociation (a) 
_ Amount dissociated — 0.1x 
mol uou 7e 


————X 


Initial amount A 


=> 1% dissociation of HLS 


Dl 


pr 2HI(g) =— H 
8) ——— H (e) + L(g) 
degree of dissociation (a) of HI(g) is related to equili-brium 


Th ant K, DY the expression 
Pp 
E a 
2 


m 
12 2]K 
i E 


2K 20K 
" P d; —— ue 
]-2K, 1-2 K, 


gi d. 2Hl(g) => H,(g) + L(g) 
AtEg l-a E has 
2 2 


At temperature T, a compound 4B,(g) dissociates according 
ute reaction 2AB,(g) ==> 2AB(g) + B,(g) with degree 
of dissociation a, which is small compared with unity. The 
‘pression for K, in terms of a and the total pressure P; is 


3 2 3 2 
DUE. dao ros, gee a gs 
2 3 3 2 
Sol c. For the given equilibrium, the equilibrium concentra-tion 
are 
2ABX(g) <=> 2AB(g) + B (g) 
ca 
Equilibrium c(1 — a) ca. E 
Concentration 
ca. 2 
2 <x (ca) x Fr 
y _ Po) Pas) i 


MEM ee. 
á (Ps, Y a-o (+5) 
ns) RN 
z 
2( - a? (1%) 


Since, æ is small compared to unity, 50 1-a = | and 


bp 
77l 


p ah 
d 2 


A hm 
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For the dissociation reaction 


N,O ==> 2NO,(g), the equilibrium constant K, is 0.120 atm 
at 298 K and total pressure of system is 2 atm. Calculate the 
degree of dissociation of N)O,. 


Sol | For the reaction 


N,O(g) == 2NO,(g) 


At equilibrium l-a 20. 

moles 

Let a be the degree of dissociation and P is the total pressure, 
then 


Total number of moles = 2a+1—-a=l+a 
DP se = moles of N,O xP ai 


hs] 
m p —— Tr 
l+a 


2a 
and Poz = (22) F 


(527 


s Fro) [Mte J 


Fy,o e: 
l+a 


4a?P?  1«a = 4a" P 
= x = = ...(1) 
l+a (l-a)P 1-a 


Given Kp = 0.120 atm; P = 2 atm 
Substituting all the values in equation (1), we get 


407(2) 8a? 
-ay (-2?) 
= 0.120(1 — o2) = 8a? 


0.120 = 


1/2 
-. Degree of dissociation, a = [e —- 0.121 


PCI, dissociates into PCI, and CL, thus 
PCl;(g) ——— PCl,(g) + CLE 
If the total pressure of the system in equilibrium is P at a 
density p and temperature T, show that the degree of dissociation 
a= La —1, where M is the relative molar mass of PCI.. If the 
p : 

vapour density of the gas mixture at equilibrium has the value 
of 62 when the temperature is 230?C, what is the value of P/p? 


Sol. We have 


PCI,(g) == PCL(g) + Cl(g) 
Since PV =nRT - —-RT 
M 


gj; 107. DOT 
PV p 
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y-D(d) = PEE. 
2P 
Now, PCl.(g) ==> PCh(g) + Cl (g) 
Initial c 0 0 
At equilibrium c(l — a) ca ca 


Total moles at equilibrium = c(1 + a) 


Total moles at equilibrium 
Total initial moles 


B Initial vapour density 
— Vapour density at equilibrium 
c(lra) D 
c d 
M12 PM 
> l+a= = — 
pRT/2P pRT 
If d = 62 (given) 
p =104.25 
2 
“= 10425 - 62 = 0.68 
62 
P RT 
A EF a) RE = 0.3327 atm /(g 1-4 
p 


The equilibrium constant K, for the reaction N,O,(g) —— 


2NO,(g) at 497°C is found to be 636 mm Hg. If the pressure of 
the gas mixture is 182 mm, calculate the percentage dissociation 


of N,O,. At what pressure will it be half dissociated? 


“Sol. For this reaction, the expression of equilibrium constant 


is given by: 
= 4a*P, 
2 


P i-a 


636 = 
[=a 
636 — 636a? = 728a? 
1364a? = 636 
2 636 
a“ = 1364 = 0.4663 — a = 40.4663 = 0.6829 


% dissociation of N,O, = 0.6829 x 100 = 68.29 


P; =182 mm Hg 


When the gas is half dissociated, a = 0.5 
Let the pressure be P} mm Hg 
4 x (0.5)? x P} 
1 - (0.5)? 
P,= 4T] mm 


^. 636= 


For the reaction 
2AB(g) ==> A,(g) + B,(g) 


4a? x 182 i K, = 636 we 


The degree of dissociation (a) of HI(g) is related to the 
equilibrium constant K p by expression 


: 1+2/K, » [it 2K 
CAES : 


AK, 4 24K, 
c. e UC a E 
Vis 2K, 1+2/K, 


Sold. 


2AB(g) —— A,(g) + B.(g) 


a Q 
l-a e pes 
2 2 
er 2 
[Ax] 
P (1- a)? P? 
Q 
Ia y“ 
__ 2K; 
1+2 K, 


At a given temperature and a total pressure of 1.0 atm for the 
homogenous gaseous reaction N,O,(g) ———* 2NO,(g), the 
partial pressure of NO, is 0.5 atm. 


a. Find the value of K; 


b. If the volume of the vessel is decreased to half of its 
original volume, at constant temperature, what are the 


partial pressures of the components of the equilibrium 
mixture? 


For equilibrium system, N,O,(g) ==> 2NO,(g), the total 
pressure is 1.0 atm. 


— The total pressure = Py,o, * Pro, = 1.0 
 Pwo,^ 0.5 atm and Pyo, = 0.5 atm 


PN,0, 0.5 
According to Le Chatelier principal, when volume is 
decreased, the system moves in that direction where 
there is decrease in the number of moles. Hence, the 
system (here) will move in reverse direction, as there 
is a decrease in mole (An, 72-17 1), i.e., NO, will 
be converted to N,O,. 


. Let the decrease in pressure of NO, be x atm. 


= | NO | 
! 


b. As volume is decreased to half its original volume 
equilibrium is disturbed and the new initial conditions 
for the re-establishment of new equilibrium are: 
Py,o, 7 1.0 atm and py = 1.0 atm 


Pressure 


Initial 


At equilibrium 


— 


4 
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ij . Pis doubled as V is halved at constant 7] x=0.8 
(l- xy. 
z 0.5 Let the new pressure be P atm. 


p Ky = 4 x/2) | l 
x= 2 or 0.25 (x # 2, as initial pressure = 1.0) 
> x = 0.25 


xX 
Py,04 an 1.125 atm 


and Po, ^ ] -x 7 0.75 atm 


which ofthe following reactions, the system will shift towards 
i forward reaction by adding inert gas at constant pressure? 


a, PCL(g) == PCI (g) + Cl,(g) 

p. Ng) + 3H,(g) —— 2NH (8) 

c, COCI(g) == CO(g) + Cl,(g) 

d. CO(g) + 2H,(g) == _CH,OH(g) 


Mao 


The equilibrium will shift in the forward direction by adding 
inert gas in the system where there is an increase in number 
of gaseous moles (i.e., An, > 0) in that direction. Note that 
in options (a) and (c), the value of An s 0. 


X0, dissociates as 

N,0,(g) ——2 2NO,(g) 
At40°C and one atmosphere % decomposition of NO, is 50.3%. 
Atwhat pressure and same temperature, the equilibrium mixture 
has the ratio of N,O, : NO, as 1 : 8? 


Sol. Case I 


N,0,(g) == 2NO,(8) 


At Eq (1-x) 2x; 
total moles = 1+ x 
 (dl-x 2x P 
PND, = (+x) -— PNO; (1 + x) 


The % dissociation of N,O, = 50.3% (given) 


50.3 
Hence, degree of dissociation = 300 = 0.503 


and P= ] 
4 x (0.503) x1 
[1 — (0.503) ] 
> K, = 1.3548 atm 


Case II N50, —— Ó2NO, 


MEN, 


2 
- Arp _4x0.8%0.8%XP | 3548 
(I-x1) (1 0.8) (1- 0.8) 


P= 0.19 atm 


At 627°C and 1 atm SO, is partially dissociated into SO, and 
O, by the reaction 

SO,(g) == SO»(g) + 1/20,(8) 
The density of the equilibrium mixture is 0.925 g L!. What is 
the degree of dissociation? 


ol. Let the molecular mass of the mixture at equilibrium be 
M, 


mix* 
Applying the relation: 
SE 2: _ 0.925 x n x 900 — 63.348 


Molecular mass of SO, = 80 


80 
Vapour density of SO;, D- a =40 


' 68.348 
Vapour density of mixture, d= 3 = 34.174 
Let the degree of dissociation be x. 
= D-d | 40—34.174 _ 5.826x2 _ 9 34 
34.174 


(n - Dd G is 1) x 34.174 


or x= 34% dissociated 
i.e. SO, is 34% dissociated 


Density of equilibrium mixture of N,O, and NO, at ] atm and 
384 K is 1.84 g dm. Calculate the equilibrium constant of the 
reaction. 

N,O, == 2NO, 


“Sol. | We know 


Pm = dRT 
1 x m= 1.84 x 0.0821 x 384 
m-29x2 
Vapour density (d) at equilibrium = 29 
Initial vapour density = M/2 = 92/2 = 46 
therefore, degree of dissociation is: 
= D-d _ 46 — 29 
(n — Dd 29 
For reaction 
NO, ——— 2NO, 
1-0 1] 0 
]-x 2x 


= 0.586 


Total moles = 1 +x 
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]-x 2x 
Pup, 7L," P Pu 71,7 
" AxX!P  4x(0.586) x1 nnm 
P 1x?  1-(0586) 


For the reaction 
l 3 
| NH,(g) Y 7 N2(8) + 2 H,(g) 
| Show that the degree of dissociation of NH, is given as 
-1/2 
343 p 

g-2|lT——-—— 

Au. 


| where p is equilibrium pressure. If K, of the above reaction is 
ll 78.1 atm at 400°C, calculate K . 


] 3 
Sol. NH,(g) == a No + 5 H,(g) Total moles 
(-0 l 0 0 ] 
i l-a a/2 30/2 lt+a 


eq 


i PB 47 P p p 
| l+a 2(1+ a) 2(1+ a) 
(p; > partial pressure) 


| 7 (Py, y" (Pi, pu 
| > (y) 


1/2 3/2 
a 3a 
Eeri Ferd _ po2 27 
4(1 - o2) 


-2 
W3 p| 
4 


Solving for a, we get a = I +— 

K, 
K can be calculated by using k= KRIJ" 
K, = 78.1; T= 673; An=1 


K,=K,(RT)' s— Bl 
(0.082 x 673) 
P LN =1.415 
55.18 


The vapour density of N,O, at a certain temperature is 30. 
Calculate the percentage dissociation of N,O, at this temperature. 


ISD N,0,(2) —— 2NO{g) 
Molecular mass of N,O, = (28 + 64) = 92 


Vapour density, D = = = 46 


Let the degree of dissociation be x. 
Given, d= 30 


Applying the relationship, 

ga d 09 3). 51 
d 30 30 

Degree of dissociation — 53.376 


3 g mol of phosphorus pentachloride is heated in a flask of 4 | 
volume. At equilibrium, it dissociates to give 40% of phosphorus 
trichloride and chlorine. Calculate the equilibrium constant. 


. | Degree of dissociation = 0.4 
PCl(g) == PCl(g) + Clg) 


a(1 — a) aa aa. (at equilibrium) 
Given, a = 3, a = 0.4, and V = 4 
So at equilibrium 

3(1-0.4) 3x0.6 4 
PCL] = ——— —— = ——— mol L 
[PCI] 1 4 
[PCI] = 2:50 nel 
4 

[CL] = ee 
Applying the law of mass action, 

_ [PCl, ][Cl, ] L 3 x 0.4 x 3 x 0.4 -02 mol L" 


4x3x 0.6 


i [PCI;] 


JL ICT FAT 
dne esie hs nid. 


N,O, is 25% dissociated at 37°C and 1 atm. Calculate (i) K, and 
(ii) the percentage dissociation at 0.1 atm and 37°C. 


301. N,O,(g) |o 2NO,(g) 
Initial 1 0 


At equilibrium (1 — a) 2a: 
Total moles = (1 — à) + 2a 7 (1 +a) 


l-a 2a 
Pros [c P Gay? 


Given, a = 0.25 and P= 1 atm 


1— 0.25 
PN50, ^ e x 1=0.6 atm 

2 x 0.25 
PNo, = e x1- 0.4 atm 

2 
4x 0.4 
K _ (Pwoj) _9 x 0 0.267 atm 
PN,0, 0.6 
ii. Let the degree of dissociation of N,O, at 0.1 atm be a; 

then 

l-a 2a 
PN 0, = (=) x 0.1 and PNo, = (+a) x 0.1 


p — DOMUM 
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: a : 
nfor m 9.08 
1+0 |. 4a x0.1 


0.402 


p oque eS e ee i i ilibrium i s tainer: 
Kj (1-a "e (I-a)(l+a) (— a Consider the following equilibrium in a closed con 
TS N,0,(g) == 2NO,(g) | 
2 At a fixed temperature, the volume of the reaction container 1s 
02677 Pu — or 0.267 = 0.66702 halved. For this change which of the following statements holds 
om (7e) true regarding the equilibrium constant (K,,) and the degree of 
= 0.632 dissociation (a)? 
pence: dissociation of N4O, = 63.2% a. Neither K prota changes 
b. Both K » and a. change 
c. K, does not change but a changes 
D-d . . d. K changes, but o. does not change 
ation Q = is correctly matched for : (a is the " 
wed (n — Dd i 
"T dissociation, D and d are the vapour densities before l 


platter dissociation, respectively). 


£ & ILLUSTRATION 7.90. 
—— + — 


a= x 3 At a certain temperature T, a compound A (g) dissociates as 
B (Qn 2AB,(g) = Ag) + 4B,(g) 
bd = 4 2 Zc with a degree of dissociation œ, which is small compared to 
unity. The expression of K in terms of a and total pressure P is: 
n 
c4 — ar + (z) a. 256P?o? b. 4Pa? 
a c. 8 Pas d. None of these 
x n D; =r 
Li ( I +C Sol. 2AB,(g) ——— 4A,(g) + 4B.(g) 
t=0 a 0 0 
D-d 
| IT s (usare e d d 
(n—l)d d t=tp, — a-aa — 2aa 
D 2 
xd ian i K _ Pa P Bb 
p 2 
d | P AB, 
prs PER CM Wm = A a a aa/2 a 2aa 
D 1«(n-Do (l-a+na) = PR; Dg, =—s—. P= lap 
— Any equation in which the total number of moles on a+ ries ^ a-* aa 
product side = n and on reactant side = 1. 7 
| a-aa 
Clearly, (b) satisfies. PAB, = a. PM 
a t —aa 
MusTRenow 7.88. i 
The "P (ap)! 
D vapour density of the equilibrium mixture of the reaction: K -2 ‘Aap ERE 
fg) == SO.(g) + CL(g) is 50. The percent dissociation p 2 UM p 
of A 2 2 p 
43300  b.350 c. 30.0 d. 66.00 ILLUSTRATION 7.91 
* NS D-d The following reaction oceurs at 700 K. Arrange them in the order 
: (n-l)d of increasing tendency to proceed to completion. 
Iven; d= 50 l. 2NOCI(g) a 2NO(g) " Clg); K =] 7 X 1072 
_ 135 m - MS ST 5 
== "615 p^ =} N2048) == 2NO,(g); K, = 1.5 x 103 
= 875-50 _ 9 3 MI: 280,(8) = 280g) + Og K, = 1.3 x 1075 
u 50 (2 - 1) IV. 2NO,(p) —— 
% dissociation = 35.0% i 


?NO(g) + O(g); K, = 5.9 x 105 
b. Ill «€ IV «I«]] 
d. IV « III« I« jl 


a Il «1«1v «ini 
c. T« IIl «€ IV « f 
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— ) 2 
SOND b. Higher the equilibrium constant, more will the reaction EA GP») Per) e X -P=082 
go to completion. (Prci; ) l-x 
III « IV « I«II A EE 0.82 
ILLUSTRATION 7.92. ae = 
; = 37.5%) 
o HIN: e, SO, is x = 0.375 (or 
At A C and Du. is ete a. pressure 3 Nowihenew pressure? = Iia 
a I Let y be the new degree of dissociation. As the temperature 
SO,(g) == SO,(g) + L O(g) is same (250°C), the value of K, will remain same, 
à : Proceeding in the same manner. 
The density of equilibrium mixture is 0.9 g/L. The degree of 2p : 
dissociation is: [Use R = 0.08 atm L mol"! K-!] K, y — => 0,82 = ; y -x10 
= =y 
l | y 
a. d b. 2 Qu d. 5 0 82 
: : : => yeu or y = 0.275 (or 27.5%) 
EIB. soge) —— SO,(g) + 5 O28) | bd 
t=0 a 0 0 
(moles) In reaction: 
aa 
f=, 0-08 s P CH,COCH,(g) —— CH,CH,(g) + CO(g), if the initial pressure 
Em nj — (Mo) mix, f (i) of CH,COCH,(g) is 150 mm and at equilibrium the mole fraction 
sing: —— =——___—— ial 
"mx. (Mo) mix,i of CO(g) is D then the value K, is 
nid ae a. 50 mm b.100mm  c.3333mm  d.75 mm 
=> 1.2 x M,=0.9 x 0.08 x 1000 ex 
= M, = 60 g mol! ae 
Substituting in equation (i), we get a. | mol of CH,COCH, =] mol of CH,CH, 
l 
l 60 80 2 1 mol of CO = mol fraction of CO = — 
Le 2 Pressure of each gas — Mole fraction x Initial pressure 
P P 
K, for the reaction 5. K, = “auc eo) = — = 50 mm 
PCI,(g) —— PCl,(g) + Cl, (e) Bib. 
3 das Alternative method: 
at 250°C is 0.82. Calculate the degree of dissociation at 
given temperature under a total pressure of 5 atm. What will CH;COCH, m CH,CH, + CO 
be the degree of dissociation if the equilibrium pressure is Initial l 0 0 
10 atm, at same temperature. At equilibrium lx x " 
S0 Let 1 mol of PCI, be taken initially. If x moles of PCI, Total moles = 1 -x+x+x=1+x 
dissociate at equilibrium, its degree of dissociation — l l 
q E i -. Mole fraction of CO = —— =— Vea = 
Moles l+x 3 2 
l 
-. Mole of each gas = 2 
] 
5 l 
Total moles = 1 -x+x+x=1+x <. Mole fraction of each gas = 1 ? i ES 
= = ~+- + 
P = 5 atm and K, 0.82 2 2'7? 
l-x x . Pres f each = Mole fracti Initial pressure 
Pret, «(i ) P; Prc = P sure of eac ole fraction x Initial p 
+x l+x 1 
M = 3 x 150 = 50 mm 
and pq = P 
"o bex Tm Pencon (Foo) 50x50 _ 5. 


(Fox,cocn, ) 50 


y 
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p Cl, is heated, it dissociates into PCI, and CL. The vapour 


yr (the gas mixture at 200°C and üt 250°C i is 70 and 58, 
yl Da Find the degree of dissociation at two temperatures. 
e 


ao pc) = PCh() + Cb(g) 


Total moles = a + aa 


dy _ataa 
Using the result = 2. UTA 


mix a 


dy= density of PCI; 


at T= 200°C (vd = vapour density) 
dy Voy _ Mo/2_ataa _ 2085/2 
> dain Xue 70 a —— 0*0 
=]+a 
a=0.49 
At T= 250°C 
4 Mey _ My/2 _ataa 
da Yari 58 a 
208.5/2 


= =]+a >a = 0.80 


(25 mol of CO taken in a 1.5 L flask is maintained at 500 K 
dong with a catalyst so that the following reaction can take place: 
002) + H (g) = _CH,OH(g). Hydrogen is introduced until 
& total pressure of the system is 8.2 atm, at equilibrium, and 
{1 mol of methanol is formed. Calculate 
a. K, and K, 
b. The final pressure if the same amount of CO and H, as 
before are used but no catalyst so that the reaction does 
not take place. 


4. First balance the equation as: 
CO(g) + 2H,(g) == CH;OH(g) 
K = [CH,OH] 
[COJ[H; 


Let y moles of H, were present initially. 


X= 0.10 (given) 
> moles of CO = 0.25 — 0.10 = 0.15, 
moles of H, = y — 0.2 and 


moles of CH,OH = 0.10 
=> Total moles = n} = 0.15 + (y - 0.2) + 0.10 = 0.05 + y 
Equilibrium pressure (P) = 8.2 atm 
Volume of vessel (V) = 1.5 L, T= 500 K 
Using the gas equation, PV = nRT, we have 
PV — 8. 2x15 — 
"r RT 0.0821 500 


= 0.30-0.05-y = y=0.25 moles 
=> moles of H, at equilibrium = y — 0.2 = 0.25 - 0.2 = 0.05 


Now find K , 88 follows: 


n -] 0.1 E 
= =-= IL = mol L 
[CH4OH] nV mo LSy 
n -| 0.15 -| 
[CQ] y P" TS 
n -] 0.15 -] 
=— moll = mol L 
[Mls py CYsy 
0.10 
= EE 2 1.5 5 — 600 
comm, 0.15 ( 0.05) 
1.5 \ 1.5 
Now find K, using the relation 
K, =K (RTS 
An, =]-3=-2 


> K,- 600 (0.0821 x 500)? = 0.356 
b. When no reaction takes place, then the total pressure is 
simply due to H, and CO present initially. 
nr= nco * ng, = 0.25 + 0.25 =0.5 
_ ART _ 0.5 x 0.0821 x 500 
v 1.5 


= 13.68 atm 


Ammonia under a pressure of 15 atm, at 27°C is heated to 
327°C in a closed vessel in the presence of catalyst. Under these 
conditions, NH, partially decomposes to H, and N,. The vessel 
is such that the volume remains effectively constant, whereas the 
pressure increases to 50 atm. Calculate the percentage of NH, 
actually decomposed, 


| Sol. | Ammonia decomposes to N, and H, as follows: 
2NH,(g) NE 3H,(g) T N,(g) 
NH, — NH, 
at 27°C at 327°C 
(15 atm) (P=?) V remains constant 
First, let us find the initial pressure of NH, at 327°C. 
— Po T(V is constant) 
h P, BT, 15x600 
+= > p = .-—— —— -30atm 
n Tn ^ m 30 


Partial pressure 


At equilibrium 


=> 
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Now final equilibrium pressure = 50 atm 


5 50-30- x42 5 x= 20am 


20 
=> 9$ NH, decomposed = 30 x 100 = 66.7% 


Alternative method: 
2NH,(g) ==> 3H,(g) + No(8) 


Let a be the degree of dissociation 


m. ae 


— Total mole = a + aa 
Initial moles — Initial pressure 


Final moles Final pressure 
a 3 20 
= — o = — 
a+aa 50 30 


) 
= 94 dissociation = 2 x 100 = 66.7% 


Solid Ammonium carbamate dissociates as: NH,COONH,(s) 
—— 2NH,(g) + CO,(g). In a closed vessel, solid ammonium 
carbonate is in equilibrium with its dissociation products. At 
equilibrium. ammonia is added such that the partial pressure of 
NH, at new equilibrium now equals the original total pressure. 
Calculate the ratio of total pressure at new equilibrium to that of 
original total pressure. Also find the partial pressure of ammonia 


gas added. 
IBS NH,COONH,(s) —— 2NH,(g) + CO,(8) 
Let P = original equilibrium pressure. 


From the mole ratio of NH, and CO, at equilibrium, we 
have 


uU | "v 


2 


2 
2 P 4 
=> K, =(P) Po -(2) (4)-4 
Now NH, is added such that, Pun, 7 P 


Find the pressure of CO, 

43 p 4 
=> 37° =P Pco, 7 Pco, - 
Total new pressure = P= Pry, * Poo, 

4 3] 
> P =P Per 
Midi 27 27 
3] 
—P 
L paio- = 27-31 
P 21 


original 


Let x be the partial pressure of NH, added at original 


equilibrium. 


NH,COONH,(s) == 2NH,(g) + CO,(g) 


2 | 
At equilibrium —P LP 
3 3 
2 | 
When NH, is added " P+x _p 
. 3 
2 l 
At new equilibrium m x-2y -P-y 
J 
: 2y- "Ed m NER. 
= gu he Y= Pri; ane 7 y= c0, 744 
Solve to get p 
— Solve to get: x - — 
mnm 


The degree of dissociation of I, molecule at 1000°C and under 
1.0 atm is 40% by volume. If the dissociation is reduced to 20% 
at the same temperature, the total equilibrium pressure on the 
gas will be: 

a.1.57atm b. 2.57 atm 


c.3.57atm d. 4.57 atm 


Given: a = 0.4 at P= 1.0 atm 
Let P ew be the pressure when a = 0.2 


| 4x0.16 4x 0.04 


= — B. 
P 0.84 096  "* 
> P= 4 x 0.96 _ 457 atm 
0.84 


I, + [^ Il, ) 

This reaction is set-up in aqueous medium. We start with 
| mol of 1, and 0.5 mol of I^ in 1 L flask. After equilibnum P 
reached, excess of AgNO, gave 0.25 mol of yellow precipitate. 


Equilibrium constant is 


a. 1.33 b. 2.66 c. 2.00 d. 3.00 
[Son a. L+ e S 

Moles at ¢= 0 | 0.5 0 

Moles at ¢= tig l-x 0.5- x x 


Excess AgNO, gave 0.25 mol of yellow precipitate. 


(AgNO, «1? — Agl |) 
\ yellow apio 
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05- 
fel x/V 
2 K^ tmr] = CS 
V V 
0.25/1 


= ———____ = 133 (V-19 
aac 


l 


asc and 1 atm, N,O, dissociates by the reaction 
à Deo -— 2NO,(8) 
fitis 35% dissociated at given condition, find the volume of 


pove mixture will diffuse if 20 mL of pure O, diffuses in 10 
nimutes at same temperature and pressure. 


" For equilibrium system, N,O,(g) == ——— 2NO,(g), 


2 
Here P= 1.0 atm and K, NAME = : [a = 0.35] 
PN,0, mi 
> K,- A805) 512056 ap 
1=(035) 
M... M 
Using aaa _ mix, _ N 704 
a M aii, f M mix f 
> 14+0.35= de 
mix, f 
92 
NEUE NIS 
unl 135 


Let V(mL) volume of mixture diffused in. 
From Graham's law of diffusion 


-— M ix, f 
nix, f Mo, 


20/10 [68 15 
c—— M Pe 13.70 mL 


F 
QT the Teaction 


ii NH,(g) —— SN) #5 2 Hyg) 
W that the degree of ‘eaanianie of NH, 


A 
s “| ‘i 3V3 P 
K, 

te degree of dissociation. If RE of the above reaction is 82.1 


at 727°C, determine the value of K, 


is given as 


, where P is the equilibrium pressure and 


at 


SOND Let a be the degree of dissociation of NH,(g), 


] 3 
NH,(g) —2 5No(e) + 5m8) 


Initial moles | 0 0 
At equilibrium l-a a/2 30/2 
Total number of moles at equilibrium = 1 + a 
Now, 
l-a 3a/2 
PNH, Er P, Pu - —— P and py, =] A 
1/2 í 
p PND Pn)” 
p 
PNH, 
-T n 1/2 Sa : 3/2 
_, (20+) 2(1 + a) [E] a? | 
ee CER 2 
l-a x P 4 l-au 
l+a 
l-a? 343 P 
i 
a qw 
-1/2 
1 3/3 P 3/3 P 
> —- 1] + —— — | or a =| 1+—— 
vi 4 Bey 4 K, 


An,, change in the number of the moles of the given 
reaction = +1 


K,= KARTE => K,-K(RTy* 
= K, = 82.1 x [0.0821 x 1000]! = 1.0 mol/L 


7.6 EFFECT OF TEMPERATURE ON 
THE EQUILIBRIUM CONSTANT 


The value of equilibrium constant for a particular reaction depends 
upon the temperature. Therefore, on increasing the temperature 
the rate of chemical reaction also increases. However the extent 
of this increase in the rate of reaction depends upon the energy of 
activation of the reaction. 


Now, since the energy of activation for the forward and 
backward reactions are different, so a given increase in temperature 
will increase the rate of the forward and backward reactions to 
different extents. In other words, the values of the rate constants 
for forward and backward reactions, i.e., k, and k, will change 
differently with a given rise or fall in temperature. Further, since 
K =k,/k,, therefore, the value of the equilibrium constant (K) 
will change. 


Thus, we conclude that the equilibrium constant for a 
particular reaction changes with temperature. Further, it has to be 
noted that the value of the equilibrium constant of an endothermic 
reaction increases (ky increases more than k,) and that of an 
exothermic reaction conss (k, increases more than k) with 
rise in temperature. For reactions having zero heat of reaction, 
temperature has no effect on the value of K. 


Quantitatively, the effect of temperature on the equilibrium 
constant is given by van t Hoff equation, viz. 
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0008 


d In K " AH® 
ar Rr 
where AH? is the standard enthalpy change of the reaction or in 
the integrated form, it may be written as (assuming AH® to be 
constant in the temperature range 7, to T?) 
oo Éo) _ AH® (25) 
(Kj) 2303R\ TT, 
where (K) = equilibrium constant at temperature 7, 


(K,) = equilibrium constant at temperature T, 


For the formation of ammonia the equilibrium constant data at 
673 K and 773 K, respectively, are 1.64 x 104 and 1.44 x 10? 
respectively. Calculate heat of reaction (R = 8.314 J K^! mol!) 


Sol. The given data are: 
K, = 1.64 x 105 T, = 673 K 
K, = 1.44 x 10°; T, =773 K 
Using van’t Hoff equation, 
tog £2) _ AH (A zi 
vs J 2.303R 


nT 
og 144x10% AM (25-5) 
164x104 8.314 x 2.3034 773 x 673 
hoses ( = ) 
19.147 \ 520229 
-1.0565 x 19.147 x 520229 
E i 100 : 


= 105216 J = -105.216 kJ 


For the reaction 


CO,(g) + H,(g) ——— CO(g) + H5O(g) 
K is 0.63 at 700°C and 1.66 at 1000°C. 


a. What is the average A77? for the temperature range 
considered? 


b. What is the value of K at 800°C? 


‘Sol. 
a. T = 700 + 273 = 973 K, 
T. = 1000 + 273 = 1273 K 
K, = 0.63, K, = 1.66 
Using the van’t Hoff equation 


p AS (nc 


K; 2303RV TT, 
AH? A 
=> logi ——|2—————|—————— 
0.63/ 2.303(1.99) (1273 x 973 


= AH? = 8.0 x 10? cal = 8.0 kcal 
Note: The units of R and AH must be same. 


b. Let K, be the equilibrium at 7, = 1073 K, T, = 973 " 
and then K, — 0.63 í 


( K, ) 8.0 x 10° eu) 
= log| — | = — | > 
0.637 2.303 (1.99) \ 1073 x 973 
= K,=0.93 


The value of K for the reaction 


O,(g) + OH(g) ——— H(g) + 20,(g) 
Changed from 0.096 at 298 K to 1.4 at 373 K. Above what 
temperature will the reaction become thermodynamically 
spontaneous in the forward direction assuming that A/7^ and AS 
values for the reaction do not change with change in temperature? 
Given that AS?,,, = 10.296 J K. 


PSOE) We have 
WES 
K, 2.303R TT, 
TELAM AH^ EA 
50.096 2.303 x 8.314 373 — 298 
AH? = 33025 J 
Now the temperature above which the forward reaction 


will be spontaneous is actually the temperature at which the 
reaction attains equilibrium, that is, when K= 1 or log K - 0 


AG? = —2.303RT log K = —2.303RT log 1.070 
From thermodynamics, we get 


AG? = AH? — T AS? 


0 = 33025 — T x 10.296 
or T=320.75K 


Which of the following graph represents an exothermic reaction? 


a. s b. Zu 
l l 
T T 
c. ^. d. zu 
z d. 
T 7 
: Ap) (Ea, - Es) AjY AH 
PS) d. In A ML ae = a —— 
v9 RT LA, RT 
For exothermic, AH = —ve, (as E p> E,,) 
ink, =m Ac), AE. 
P RT 


Y=c+mx 
Since the slope is positive, hence the correct option 1s (d). 


ible reaction is endothermic in forward direction. Then 
yo the following is(are) correct? 


„hit NT 1/T will be a straight line with negative slope 
b LAT K>0. 


„ A plot of d In K against 1/T? will have positive slope. 


g. An increase in temperature will shift the reaction in the 
forward direction. 


s (a, b, c) Ba »* posean B, C) 
MI» 05 T 7; Reaction proceed in forward direction by 
absorbing heat. 


The activation energy of 
H,(g) + L(g) —— 2HI(g) 

equilibrium for the forward reaction is 167 kJ mol! whereas 
farthe reverse reaction is 180 kJ mol !. The presence of catalyst 
wwers the activation energy by 80 kJ mol". Assuming that the 
actions are made at 27°C and the frequency factor for forward 
nd backward reactions are 4 x 10 and 2 x 10? respectively, 
calculate K . 


BB A catalyst lowers the activation energy for forward reaction 
as well as for backward reaction by equal amount. 
Thus, in presence of catalyst, 
Energy of activation for forward reaction 
(E) = 167 — 80 = 87 kJ mol! 
Energy of activation for backward reaction 
(E) = 180 — 80 = 100 kJ mor! 
`. For forward reaction, K, = A e 4T 
For backward reaction, K, = Ae ^T 
where A, and A, are frequency factors and E, and E, are 
energies of activation after addition of catalyst. 


- K A A Ea ED Eg REN 


A (100 — 87) 
_ A a a! Ax 10^ NETT 10? x 300) 
~ As 2x10? 
- K, 22x10 el3/8314* 10-3 x 300] 


K =36.8 


Variati | i 
ion of K with temperature as given by van’t Hoff equation 


în be written as 
a. ME AH E I | 


EU 2.303R|.7, T 
b. log 2 _ AH |! 1 
K, 2303R|T, T, 


c, log “2___AH - LT 
K, 2.500R|T, F 


d. Nana m ag 3. S Du e 
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K, 2.303R| 7, T 


It is known that the heat is needed to dissociate ammonia into 
N, and H,. For the reaction N, + 3H, == 2NH;, K; is the 
velocity constant for forward reaction and K, is velocity constant 
for backward reaction, Kis equilibrium constant for the reaction 


dk 
shown. Then a (where T is symbol for absolute temp.): 


a. Is greater than dk,/dT 

b. Is less than dk,/dT 

c. Is equal to dk,/dT 

d. Cannot be compared with dk,/dT 


For the chemical equilibrium, 
CaCO,(s) —— CaO(s) + CO,(g) 
A H® can be determined from which one of the following plots? 


o 
a. a 
g 
1/T ——> 
S 
C. a7 
E 
ir, 
log T —» UT —» 
(Sol) a. CaCO,(s) ——— CaO(s) + CO,(g) 
K, = Poco 
According to Arrhenius equation: 
K = Ae ^H*r/RT 
AH? 
log K „ = log 4— ———— 
Er : 2.303 RT 
AH°®° ] 
log P... = log A— r- — 1 
Or. 2308 RT x 


Y=C+ MX 


Graph (a) represents (i) and its slope will be used to 
determine the heat of the reaction. 


` 
sit le 
Cee NO T 


"a " P ni a S da 
gt 4 "T A 
i NE ACA 


Solubility of a solute in water is dependent on temperature as 

given by S = Ae^MRT. where AH = heat of solution 

Solute + H,O(/) == Solution; AH = + x 

For a given solution, variation of 

log S with temperature is shown t 

graphically. Hence, solute is 1 
a. CuSO,5H,0 ix 
b. NaCl | 
c. Sucrose 
d. CaO 


1/7 —» 
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In the preparation of CaO from CaCO, using the equilibrium, 
CaCO,(s) —— CaO(s) + CO,(g) 
K, is expressed as 
8500 
log K,- 7282 UR 


For complete decomposition of CaCO y the temperature in celsius 
to be used is: 


a. 1167 


b. 894 c. 8500 d. 850 
"Seb b. On complete decomposition of CaCO, 
log K, -0 
therefore EM = 7.282 or T = 2 = 894°C 
T 7.282 


no! e oai 
The partial pressure of CO, in the reaction 

CaCO, (s) == CaO(s) + CO. (g) 
is 0.773 mm at 500°C. Calculate K, at 600°C for the above 


reaction, AH of the reaction is 43.2 kcal per mole and does not 
change in the given range of temperature. 
IS CaCO,G) —— CaO(s) + CO,(g) 
K, ~ Poco, 
Here K . includes the constant active masses of CaCO, and 
CaO which are solids. 
Thus, 
Kı = 0.773 mm at 500°C 
K» = p mm (say) at 600°C 
AH = 43.2 kcal mol! = 43200 cal 
Now we have, 
log E. AH T, -T) 
K, 2303 R\ TT, J 
log 2- 43200 ( 873 — 773) 
0.773 2.303 x 1.98 873 x 773) 


(R = 1.98 cal deg"! mol!) 


p= 19.6 mm 
A K, at 600°C is 19.6 mm. 


For the reaction Br, ——— 2Br, the equilibrium constants at 
327°C and 527°C are, respectively, 6.1 x 101? and 1.0 x 107. 
What is the nature of the reaction? 


AH D-T, 
 2303R Tī, 

As we know from the above equation that if on increasing 
temperature, K, increases, AH becomes positive, i.e., the 


reaction is endothermic. Thus, from the given data We s 
that the reaction is endothermic. = 


From the following data 


i. H)(g) + CO,(g) =— H,O(g) + CO(g); K000 k = 4.40 


ii. 2H,0(g) ==> 2H,(g) + Oj(g); KL oook = 5.31 x 19-10 


iii. 2CO(g) + O,(g) === 2CO;(g); K i000 K = 2.24 x 102 
Show whether reaction (iii) is exothermic or endothermic. 
Let us consider reactions (i) and (ii) 
Multiplying reaction (i) by 2, we get. 
2H,(g) + 2CO,(g) ——— 2H,0(g) + 2CO(g) 
K" ooox = K? 2000K = (4-40) 
Adding (iv) and (ii), we have 


...(1V) 


2CO,(g) == 2CO +0, 
Kill 


2000K = K 2000K X K.gook 
= (4.40)? x 5.31 x 10-1 


Therefore, by reversing the reaction, we get reaction ( iii) 
but at 2000 K. 


2CO(g) + O,(g) —— 2CO,,(g); for which, 
l 
KY 


2 =m 
2000K g% "- 


l 


= —; ———g = 9.72 x 107 
4.40? x 5.31x 10 


From reactions (iii) and (v), we see that as the temperature 
increases, the equilibrium constant decreases (9.72 x 10’ < 


2.24 x 1027). Reaction (iii) is thus exothermic because AH 
will be negative. 


The equilibrium constant K » tor the reaction, 
N, + 3H, = 2NH, 


is 1.64 x 104 at 400°C and 0.144 x 10> at 500°C. Calculate 
the mean heat of formation of 1 mol of NH, trom its elements 
in this temperature range. 


K, 
We know log, 22 - A4. 
UB We know log, K, 230RVT T, 


0.144 | AH (+--+) 
1.64 2.303x1.987x10° \673 773 


AH = —25.14 kcal for 2 mol = —12.57 kcal mol! 


AH (1 1) 


log 


| e 
For the reaction 2NOCI(g) === 2NO(g) + ce 
equilibrium constant is 2.8 x 10? at 300 K and 7.0 x] 
400 K. What is the activation energy for the reaction? 


2.8 x 10> at T, = 300K 


Given K 54. l 
p 70 x 10! at T, = 400 K 
Using expression 


— 


In(K) = Rr 

We get, 

in(2.8 x 107) = RGN + Constant (i) 
Vee ao E 

in(7.0 x 107) = R(400K) + Constant (ii) 


subtracting (i) from (ii), we get 


(190x107! ef. | | EN 
h|7sx103) R \300K 400K 


B E, | 100 
8.314 J K^! mot! 4300 x 400 


300 x 400 ( 7.0 x10) 
- (8.314 = 2.30 Lodo 
B. ) 100 | 3log| TP | 


= 101048 J mol! = 101.048 K J mor"! 


Aschematic plot of log E vs inverse of temperature for a 
raction is shown in the figure. The reaction must be: 


1/T —> 
a. Exothermic 
b. Endothermic 
C One with negligible enthalpy change 
d. Highly spontaneous at ordinary temperature 


[7n a K = Aeg AHO/RT 


oO 


log, K EN e RED 
B10 eq 2.303RT 


= log, 4- 


Y=C+ MX 
Slope of the line will be positive, when AH? =—ve, i.e., 
the reaction is exothermic. 


; A 
the reaction 


CO,(g) + H (g) == CO(g) + H,O(g) 
5063 at 727°C and 1.26 at 927°C. 
4. What is the average AH for the temperature range 
Considered? [Use log 2 = 0.3] 
- What is the value of K at 1227°C? 


* Ti = 1000 K, T, = 1200 K, 


N 
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K, = 0.63, K, = 1.26 
Using the van’t Hoff equation: 
og a AT (71) 
K, 2.303R ( TT, 


is (125) _ AH (1200-1000 
B10 6.63) ~ 2.3032) 1200 x 1000) 
=> AH = 8.32 kcal mol !. 
b. Let K, be the equilibrium constant at T, = 1500 K 
T, = 1000 K and then K, = 0.63 
K, \ _ 8.32 x 10° (1500-1000) 
— logi, SETCCNCTED 
0.63) 2.3032) \1500 x 1000 


K 
=> log, T = 0.6 = log,,4 


= K,= 0.63 x 4=2.52 


The equilibrium constant K p for the reaction N,(g) + 3H.(g) 
<== 2NH,(g) is 1.6 x 104 at 400°C. 

What will be the equilibrium constant at 500°C if the heat of 
reaction in this temperature range is 25.14 kcal? 


Sol.) Using the relation, 


log n. AH Dn- 
K, 230R| T | 


Given 

K, , 16x 10+; AH =—25.14 kcal; 

R= -2 x 10? kcal deg! mot! 

T, = 400 + 273 = 673 K; T, = 500+ 273 =773 K 

ine K p, _- -2514 — E -a 
(L6x10 ) 2.303 x2x10” | 773 x 673 


25.14 x 10? x 100 
2.303 x 2 x 773 x 673 
= -3.7960 — 1.049 = 4.8450 
K, = 1.429 x 105 atm? 


log K „ = log (1.6 x 10 ^— 


The equilibrium constant for the reaction 
Hj(g) + S(s) ——— H.,S(g) 
is 18.5 at 925 K and 9.25 at 1000 K, respectively. Calculate the 
enthalpy of the reaction. 
ISBD) Given K, = 18.5 at T, = 925 
K, = 925 at T, = 1. 
Using the relation, 


iu lc A [n-7 
K, 2303R| TY, | 


" 9.25 AH 75 
a EN CL 
18.5 2.303x8.314 925 x 1000 


477. 
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AH x 75 
2.303 x 8.314 x 925 x 1000 


or AH = —71080.57 J mol! 


7.7 APPLICATIONS OF EQUILIBRIUM 
CONSTANT 


The equilibrium constant helps us in: 
a. Predicting the extent of a reaction 
b. Predicting the direction of the reaction 
c. Calculating the equilibrium concentrations 


7.7.1 PREDICTING THE EXTENT OF REACTION 


The numerical value of the equilibrium constant for a reaction 
indicates the extent of the reaction. But it is important to note that 
an equilibrium constant does not give any information about the 
rate at which the equilibrium is reached. The magnitude of K, or 
K, is directly proportional to the concentrations of products (as 
these appear in the numerator of equilibrium constant expression) 
and inversely proportional to the concentrations of the reactants 
(these appear in the denominator). This implies that a high value of 
K is suggestive ofa high concentration of products and vice-versa. 

We can make the following generalisations concerning the 

composition of equilibrium mixtures: 

: HK 7 10°, products predominate over reactants, Lek. 
is very large, the reaction proceeds nearly to completion. 
Consider the following examples: 

a. The reaction of H, with O, at 500 K has a very large 
equilibrium constant, K, = 2.4 x 10%. 

b. H,(g) + CL(g) <——  _ 2HCK() at 300K has K, = 4.0 
x 1071. 

c. H,(g) + Br,(g) =< 2HBr(g) at 300 K; 


K —54* 1015 

- If K, < 10°, reactants predominate over products, i.e., if 
K_ is very small, the reaction proceeds rarely. Consider the 
following examples: 

a. The decomposition of H,O into H, and O, at 500 K has 
a very small equilibrium constant, K, = 4.] x 10-5 

b. N,(g) 7 O,(g) ——2 2NO(g), at 298 K has K, = 4.8 x 
10°". 

- If K, is in the range of 10°3 to 10°, appreciable concentra- 
tions of both reactants and products are present. Consider 
the following examples: 

a. For reaction of H., with I, to give HI, 

K, = 57.0 at 700 K. 

b. Also, gas phase decomposition of N,O, to NO, is 
another reaction with a value of K, = 4.64 x 10° at 
25°C which is neither too small nor too large. Hence, 
equilibrium mixtures contain appreciable concentrations 
of both N,O, and NO,. 

These generalisations are illustrated in Fig. 7.7 


Negligible | K, 
3 


—0.301 = 


„Extremely 


|/ large 


10? 1 10 
Reaction hardly Both reactants and Reaction proceeds 
proceeds products are present almost to completion 


at equilibrium 


The value of K also gives us an idea about the tlg 
stabilities of reactants and products. If the value of FA 
large, the products are more stable whereas if K is smallt : 
reactants are more stable. e 


7.7.2 PREDICTING THE DIRECTION OF THE REACTigy, 


The equilibrium constant helps in predicting the direction in wh; h 
a given reaction will proceed at any stage. For this purpose N 
calculate the reaction quotient Q. The reaction quotient, Q( i 
with molar concentrations and Q A with partial pressures) is defined 
in the same way as the equilibrium constant K, except that the 
concentrations in Q, are not necessarily equilibrium values, Fo, 
a general reaction 


aA + bB == cC + dD 

Q, = [CY [DIMA [8^ 

Then, 

If Q, > K,, the reaction will proceed in the direction of 
reactants (reverse reaction). 

If Q, < K,, the reaction will proceed in the direction of the 
products (forward reaction). 

If Q, = K,, the reaction mixture is already at equilibrium. 

For example, consider the gaseous reaction of H, withL. 

Hj(g) + 1,(g) — 2HI(g); K, = 57.0 at 700 K. 

Suppose we have molar concentrations [H,],= 0.10 M. [L],= 
0.20 M, and [HI], = 0.40 M. (The subscript / on the concentration 
symbols means that the concentrations were measured at some 
arbitrary time /, not necessarily at equilibrium.) 

Thus, the reaction quotient Q, at this stage of the reaction i5 
given by, 

9- [HI] 2/[H,], 015), = (0.40)2/(0.10) x (0.20) = 8.0 

Now, in this case, Q, (8.0) does not equal K (57.0). sè de 
mixture of H,(g), L(g), and Hl(g) is not at equilibrium: that is 
more H,(g) and 1,(g) will react to form more Hl(g) and the! 
concentrations will decrease till Q. = K,- 

The reaction quotient Q, is useful in predicting the directo! 
of reaction by comparing the values of Q, and K . 

Thus, we can make the following generalisations concern? 
the direction of the reaction (Fig. 7.8). 


uct 
» Products Reactants and Reactants —? Prod 
products 
are at equilibrium 


Fig. 7.8 Predicting the direction of the reaction 


Reactants 


* If Q, < Ko net reaction goes from left to right 
- If Q, > K,, the net reaction goes from right to left. 
«TO = K , no net reaction occurs. 


Eia. 7.7 Dependence of extent of reaction on K,- e^ 


Y 
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CALCULATION OF EQUILIBRIUM 
11. CONCENTRATION AND EQUILIBRIUM PRESSURE 


„jlibrium concentration of various reactants and products 
fI t^. a reaction, the equilibrium constant can be calculated 

0 ò . LI r LI i 
ska s other hand, if the equilibrium constant is known, then the 


00 rium concentration can be calculated. 
d 


ider the reaction 


Cons M 
SO;CI, —— SO,(g) CL(g) 

(375°C, the value of equilibrium constant for the reaction 

< 0.0032. It was observed that the concentration of the three 

cies is 0.050 mol L~ each at a certain instant. Discuss what 

Si happen in the reaction vessel? 


co In this equation, concentration of three species, i.e., 
s0,Cl,(g), SO,(g), and Cl,(g) each is given, but it is not 
mentioned that whether the system is at equilibrium or not. 
So first check it. 

Find reaction coefficient for given equation. 


g- SOC] _ (0.05) (0.05) 
[SO,Cl,] (0.05) 


> 04K eq? SO system is not at equilibrium state. 
As Q > Key the concentration must adjust till Q = K., 
for equilibrium. This can happen only if reaction shifts 
backwards, and products recombine to give back reactants. 
Hence, in the reaction vessel, the system will move 
backward so that it can achieve equilibrium state. 


= 0.05 


Consider the reaction 


X(g) —— Y(g) + Z(g) 
when the system is at equilibrium at 100^, the concentrations 
ite found to be [X] = 0.2 M, [Y] = [Z] = 0.4 M 
a. If the pressure of the container is suddenly halved at 
100° C, find the equilibrium concentration. 


b. If the pressure of the container is suddenly doubled at 
100°C, find the equilibrium concentration. 


D AX EY 4 Z | 
0.2 0.4 0.4 At equilibrium 
K, Z 0.4 x 0.4 _ 
0.2 
P . 
4. Whenpressureishalved, (ie P—> 7 , concentration 
is halved. 
^[X]201M; [Y]=[Z]=0.2M 
RUIN D 
0.1 
^. Q, « K, (Reaction goes forward) 
K -08- (0.2 4 xX02 4 x) 
(0.1 — x) 


Solving for x: 
x? + 0.4x — 0.04 = 0 


y -04-,0.1644x0.04. 0.08 


<. Equilibrium tonc 
[X] = 0.1 — x = 0.1 — 0.08 = 0.02 M 
[Y] = [Z] = 0.2 + x = 0.2 + 0.08 = 0.28 M 
b. When pressure is doubled (i.e., P——» 2P), concentration 


is doubled. 
^A[X]204M [Y]=[Z]=0.8M 
0.8 x 0.8 
= ——-=1.6 
Q. 0.4 


-. Q,? K, (Reaction goes backward) 
(0.8 — x)(0.8 — x) 


A OB 4-5 


Solving for x: 
x? —0.4x + 0.32 =0 
-(-0.4) + 40.16 — 1.28 
x- EGG c CN = 0.73 
<. Equilibrium concentration: 


[X] 20.4 4 x -0.4 - 0.73 = 1.13 M 
[Y] = [Z] = 0.8 - x 20.8 0.73 20.07 M 


Ata given time, the composition of reaction mixture is [A] = [B] 
- [C] 73 x 104M. In which direction the reaction will proceed? 


"Sul... For the reaction 2A —— B + C, 
K — 2.0 x 10? (given) 


. [BIO 
The reaction quotient Q, = ——— 
[A] 
Substituting the value of A, B, and C, we get 
0 - (3 x107)(3 x 10%) 4 
" (3x10 y? 


Since Q, > K , therefore, the reaction will proceed in the 
backward direction. 


13.8 g of N,O, was placed in a 1 L reaction vessel at 400 K and 
allowed at attain equilibrium. 
N,0,(g) ——— 2NO, (g) 


The total presence at equilibrium was found to be 9.15 bar. 
Calculate kc, kp and partial pressure at equilibrium. 


"Soil pv = nRT 


Total volume = 1 L 
Mw of N)O, —92g 


7.44 Physical Chemistry is 64 at 773 K. If one mole of H5, one mole of L, and three Moles 
ae L flask, find the concentrations of | 
Number of moles of the gas (7) = p 20.15 of HI are taken in a 1 >and 


HI at equilibrium at 773 K. 
t (R) = 0.083 bar L mol! kK”! | 
loeum ua 400 K HSH For the reaction H,(g) + 1,(g) ——— 2HI(g) 
el - 
2 2 
pV=nRT quoc 3 _ov -iL] 
p X 1 L7 0.15 mol x 0.083 bar L mol Tk! x 400 K Q- AARET 
4.98 bar 
, — 2NO Note: When An, = 0, not only K, = K, but volume term; 
NOs i ; ression of K. 
" : 0 always get cancelled in the exp 
pim eae (4 a. ae áp ?x bar => Q«K, a =64). Hence, the reaction proceeds to forward 
t equilibrium IO >. 
Hence, 


direction to achieve equilibrium. 
Psi 8t equilibrium = Px,0,+ Pro, 
9.15 = (4.98 — x) + 2x 
9.15-4.98 +x 
x =9.15 — 4.98 = 4.17 bar 
Partial pressures at equilibrium are, 
Pno, = 4-98 - 4.17 = 0.81 bar 


= x mol of H, and I, combine to produce 2x mol of 
At —_ 


Pwo, ^ 2x =2 x 4.17 = 8.34 bar 


K = EU = 64 
* [HIE] 
k= (Pxo,) | PN,O, Concentration of species at equilibrium are: 
nrc n d | [H,] = (1 —x)/1, [L] = (1 2 x)/1, [48] = G + 291 
k — K (RT) 2 
5 i 3+ 2x 
85.87 = k (0.083 x 400) 1 G+ 2x)’ E 
k= 2.586 = 2.6 AA a 
3.00 mole of PCI, kept in 1 L closed reaction vessel was allowed to =>x=0.5 


attain equilibrium at 380 K. Calculate composition of the mixture 
at equilibrium. K, = 1.80. 


Initial concentration 


[== =1-0.5=0.5 M 


3+2 
PCI, —— PCI, + Cl, [Hr] - —— 


3.0 0 0 
Concentration at equilibrium (3.0 — x) 


=3+10=40M 


x x 
TÉ RE e A In a 1.0 L aqueous solution when the reaction 

c 330-5 5 
1.8=xxx/(3—x) 2Ag®(aq) + Cu(s) ——— Cu?*(aq) + 2Ag(s) 

=18x-54=0 reaches equilibrium, [Cu?*] = x M and [Ag9] 2 y M 
E (180.8? -45.4 bd M of solution is doubled by adding water, then at 
2 q m: 

= [-1.8+ JG.24 + 2.16) /2 a. [Cu 25M. [^g ?]- 2M 
y= [-1.8 £ 4.98]/2 " M " 2 
x =[-1.8 + 4.98]/2 = 1.59 b. [Cu 1> ZM, [Ag l> 2M 

[PCL] = 3.0 - x 23 — 1.59 h 
: at) ÖM AO. J 
südiM c. [Cu 1*5 M.[Ag ]><M | 
[PCI] = [CL] =x = 1.59 M TA 
--— d. [Cu ^] x 2 M, [Ag?] <2 
—— ] ;MI g 1«7M 
j UO "3 RSMA Consider th j 
The value of K, for the reaction s e coe 
+ 
H,(g) + L(g) =— 2HI(g) nci 


== Cu?*(aq) + 2Ag(s) 
At equilibrium: [Cu?*] = x M; [Agf] = y 


Y 
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2+ 
[Cu] x ; ; 
Ka” K. = Tag? Je = 2 is 50.5. Predict the direction in which the reaction will proceed to 
g reach equilibrium at 448°C, if we start with 2.0 x 10? mol of HI, 
Now volume is doubled by adding water. As a result, th iii ale 
ag . " R 5 e 

concent! n of id will become half and the System will | Sol. ) The initial concentrations are 

no longe! be in equilibrium. In order to check the direction of | 2.0 x 10 7 

equilibrium, let us find the value of reaction coefficients, Q. [HI] - — : mol L' - 1.0 10 ^ mol L 

9 0 B [Cu"] x/2 2x | ) 

=0.= 7 6,2 ~ "gio 0x10 7 | 
J [Ag] DIS y [H,]= — mol L ! = 0.5 x 107 mol L 
>K 

2 Q>? Req | 3.0 107 4 E | 

This means that the system will move in backward direction l= 2 hee ae 

in order to re-establish the equilibrium state. Concentration quotient 

e J 2 X 

> [Ag Jat new eq a 5 and [Cu "Jis new eq 5 = gu 

ERATION 7130 itr 
_ 0x0 mil) —— 3 
H, and 1, are mixed at 400°C in a 1.0 L container, and when - (0.5 x 107° mol L ) x (1.5 10 ^ mol py 
equilibrium 18 established, the following concentrations are Since Q < K, the reaction will proceed in the forward 
E [HI] RS 0.8 M, [H,] = 0.08 M, and [I,] = 0.08 M. direction to attain equilibrium so that Q becomes equal 
f now an additional 0.4 mol of HI is added, what are the to K 
zw equilibrium concentrations, when the new equilibrium ————————— 
&(g)* L(g) ==  2HI(g) is reestablished? 7.7.4 CALCULATION OF DEGREE OF DISSOCIATION 
BB ris determine the equilibrium constant. USING PRESSURE-TEMPERATURE 
DETERMINATION 


K, for H,(g) + L(g) == 2HI(g) 


HU __ 0y 
* [H,][L] 0.08 x 0.08 Peite) —— PCl,(g) + Cl,(g) 

Initial pressure and temperature are P, and 7). At equilibrium. 
pressure and temperature are P, and T,, respectively. The volume 


Let us consider the following reaction: 


When 0.4 mol of HI are added, equilibrium is disturbed 


At that instant, [HI] = 0.8 + 0.4 = 1.2 M of vessel is constant, equal to J^. 
2 
= O>K since Q 02. 225 PCI.(g) ==>  PCI,(g) + Cl(g) x V TP 
: 
0.08 x 0.08 o | [20 a 0 0 a Tr RE 
— Backward reaction dominates and the equilibrium shifts EFE aa aa  a-aa V T, P, 
to the left. m . 
Initial state P V = aRT, ...(1) 


Let 2x = concentration of HI consumed (while going left) 
Then concentration of each of H, and L, formed = x 


= [HI] = 1.2 - 2x, [H,] = 0.08 + x, 


Equilibrium state P,V = (a + aa)RT, (1) 


Dividing equations (1) and (11), we get 


[L] = 0.08 + x and K, = 100 Hh — 4 

2 P (l+a)7, 

~ x - 02-23 _ 100 n 

^ (0.08 + x) (0.08 + x) "e TP, 

— Take square root on the side to get TH 
x= 0.033 ABA DR 
an | —— — 

hf 


Finally, the equilibrium concentrations arc: 


7 E -]J.13M 
[HI] = 12 2x 2 1.2- 0.0337 2= 1.1 Alternatively: 


[H,] = 0.08 + x = 0.08 + 0.033 = 0.1 I M Initial pressure after 
[L] = 0.08 + x = 0.08 + 0.033 = 0.11 M Initial moles change of temperature 
Moles at equilibrium Equilibrium pressure 


AL agge 23 
1448 C, the equilibrium constant (&,) for the reaction 


Hj(g) + L(g) L—. 2HI(g) 
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One mole of N,O,(g) at 200 K is kept in a closed container at 
1.0 atm pressure. It is heated to 400 K, where 20% by mass of 
N,O,(g) decomposes to NO,(g). C alculate the resultant pressure. 


‘Sol. First method: 


TP, -nP 
Using the formula, a = ^ 75 — 


TA 
20 200 x P, - 400 x | 
100 - 400 x 1 

Alternate method: 


V is constant (closed container) 


>P = 2.4 atm 


On doubling the temperature => Pressure doubles 


7 
us - 1. 3 — P, - 2atm 
n R 
Decomposition of N,O, 20% by mass œ 20% by mole 
(mass oc mole) 


7 a=0.2 
N,O, — 2NO, (At. P=2 atm) 
1 0 
1-505 2x02 
z 0.8 =0.4 


Total mole = 0.8 + 0.4 = 1.2 
Using the formula, 


Inital pressure after 
_ change of temperature 
Moles at equilibrium Equilibrium pressure 
1 2 


=> = 
1.2 P 


> .. P =2.4 atm 


Inital mole 


7.8 RELATIONSHIP BETWEEN 


EQUILIBRIUM CONSTANT K, 


REACTION QUOTIENT Q, AND 
GIBBS ENERGY G 


The equilibrium constant K, for a reaction does not tell anything 
about the rate of the reaction. Thus, K, is independent on the rate of 
the reaction. However, as already studied in Chapter 6, it is directly 
related to the thermodynamics of the reaction and in particular, to 
the change in Gibbs energy AG, if 


* AGis negative, then the reaction is spontaneous and proceeds 
in the forward direction. 


* AG is positive, then the reaction is considered non- 
spontaneous. Instead, as reverse reaction would have a 
negative AG, the products of the forward reaction shall be 
converted to the reactants. 


e AG is 0, the reaction has achieved equilibrium; at this point, 
there is no longer any free energy left to drive the reaction. 


A mathematical expression of this thermodynamic view of 
equilibrium can be described by the following equation: 
AG = AG? + RT In Q (i) 
where, G^ is standard Gibbs energy. 
At equilibrium, when AG = 0 and Q = K,, the equation (i) 
becomes 
AG = AG + RT In K = 90 


AG? =-RT In K (il) 
In K = -AG°/RT 
Taking antilog of both sides, we get 
K= e-AGOIRT (iii) 


Hence, using equation (iii), the reaction spontaneity can be 

interpreted in terms of the value of AG”. 

- If AG? < 0, then -AG°/RT is positive, and g AGIT > | 
making K > 1, which implies a spontaneous reaction or the 
reaction which proceeds in the forward direction to such an 
extent that the products are present predominantly. 


If AG? > 0, then -AG°/RT is negative, and e ^C RT < 1 
that is, K < 1, which implies a non-spontaneous reaction or 
a reaction which proceeds in the forward direction to such 
a small degree that only a very minute quantity of product 
is formed. 


The relation between AG? and K as obtained from equation 
(ii) is given in Table 7.4. 


Table 7.4 Relation between AG? and K 
Negative 


er ALEXII 
Ec pgs 
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The value of AG® for the phosphory-lation of glucose in 
glycolysis is 13.8 kJ mol. Find the value of K, at 298 K. 


"SOR AG? = 13.8 kJ mol = 13.8 x 103 J mol 
Also, AG? = —RT In K, 
Hence, In K, =—13.8 x 10? J mol! x 
(8.314 J mol! K~! x 298 K) 


In K, — —5.569 
K, = e 5.569 
K, — 3.81 x 10? 


Hydrolysis of sucrose gives 


l 2 
Sucrose + H,O E = P Glucose + Fructose 


Equilibrium constant K, for the reaction is 2 * 101? at 
300 K. Calculate AG" at 300 K. 


Sol) AG^ = -RT In K, 


KNMMMMM-—-—-—————————— '——Á 


a 


^ o2-8314]1 mol! K~! x 300 K x In (2 x 1013) 
AG 


22-1,64 x 10* J mol"! 


isnot numerically equal to K, how can both ofthe following | 
sions De valid? 


2.303RT log K ; 


ud 


AG — -2.303RT log K, 


mez 


AG? will have two different values but one refers to the 

~ standard state in which all reactants and products are 1 M 

and other refers to the standard state in which all reactants 
and products are at ] atm. 


qhe value of X, at 298 K for the reaction 


l 3 
at z =— NH, 


5 found to be 826.0, partial pressures being measured in 


smospheric units. Calculate AG® at 298 K. 


BB íc-—. 303RT log K, 
-—2.303 x 1.98 x 298 x log 826 
— —3980 cal. 


For the reaction, 


2NOCI(g) == 2NO(g) + CL(g) 
Calculate the standard equilibrium constant at 298 K. Given that 
&evalues of AH? and AS? of the reaction at 298 K are 77.2 kJ mol! 
ad 122 J K mol !. 


‘So Using the relation 
AG? = AH? — T AS? 
= 77200 — 298 x 122 
= 40844 J mol! 


Let the equilibrium constant be K^. We know that 
^G* = 2.303 RT log K^, 
AG” 
2.303 x 8.314 x 298 


2.303 x 8.314 x 298 
K- =6.95 x 10% 


AGE b t 


ör log Ko = — 


] | | F 
5 NX8) + 5H H,(g) === NH,(g) is -16.5 kJ mol". 


"nd ou K. for the reaction at 25°C. Also report K, and AG" for 
V(g)- 3H, (g) =— 2NH,(g) at 25°C. 


SB I" log K, = G 


E ae 


(-16.5 x10") 


_ e 2.8917 
2.303 x 8.314 x 298 


K - 71941 


Chemical Equilibrium 7.47 


K, for reaction N,(g) + 3H,(g) == 2NH,(g) is equal to 
(779.41)? = 6.07 x 105 


AG” = -2.303 x 8.314 x 298 log 6.07 x 10? J 
= 32.998 kJ mol ! 


In the following equilibrium 
N,O,(g) == 2NO;(g) 


When 5 mol of each is taken and the temperature is kept at 
298 K, the total pressure was found to be 20 bar. 


Given: AGN o, = 100 kJ, AG" yo, = 50 kJ 
a. Find AG of the reaction at 298 K. 
b. Find the direction of the reaction. 


2 
[Pno] 
Sol. Reaction quotient = Pwop, = = > 


[p NO J 10 
AG ition 2A, Gyo, i A, Gn,0, 
=2 x 50-100 =0 


We know, AG = AG” - 2.303RT log; Q, 
= 0 — 2.303 x 8.314 x 298 log 10 
= —5705.8 J = —5.705 kJ 


Negative value shows that reaction will be in forward 
direction. 


. A large positive value of AG? corresponds to which of these? 


a. Small positive K 
c. Large positive K 


b. Small negative K 
d. Large negative K 


Sol. a. Because AG? 


= 2.303 RT log K. 


For the reaction 


NH,HS(g) —— NH,(g) + H,S(g) 


in a closed flask, the equilibrium pressure is P atm. The standard 
free energy of the reaction would be: 


a. -RT In p b. -RT (In p - In 2) 
c. -2RT In p d. RT (In p - In 2) 
Sol) d. NH,HS(g) —— NH,(g) + H,S(g) 


PPP 


APP Pas=5 om 4 


( p? 
AG --RTIn K, - RULES 
4 


-- RT M(E) =- 
2 


AG“ for the reaction V+ Y => C is -4.606 kcal at 1000 K. The 
equilibrium constant for the reverse mode of the reaction will be: 
a. 100 b. 10 c. 0.01 d. 0.1 


2 RT (ln p - In 2) 


A | 4 eN 


— - — oe ee eee eee 
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BUB a. -AG^ = 2.303AT log K 
— 4.606 x 10 = 2.303 x 2 x 1000 log K 


= K = 10, K'(reverse r X n) = 10 


For the following reaction: K = 1.7 x 107 at 25°C 
Ag®(aq) + 2NH,(aq) = [Ag(NH,),]° 
What is the value of AGS in kJ? 


HERD a. AG = -2.303R7 log K 
2.303 x 8.314 x 298.15 log(1.7 x 107) 
| 


32 rt 


ll 


vas 


=4 


In an equilibrium reaction for which AG? = 0, the equilibrium 
constant K should be equal to: 


a. Zero b. 10 cl d. 2 


IS c. AG =-2.303RT log K 
when AG- = 0 K=1 


What is AG* for the following reaction? 
1 3 

NO + 5 Hg) == NH,(@): K, = 4.42 * 104 at 25°C 

b. —11.5 kJ mol! 

d. —0.97 kJ mol! 


a. 26.5 kJ mol! 
c. 222 kJ mol! 


IN ^c = 2.303 RT log K, 
= 2.303 x 8.314 x 298.15 x log (4.42 x 10*) 
= 26.5 kJ mol"! 


If E- for a given reaction is negative, which gives the correct 
relationships for the values of AG^ and K, ri 

a. AG^ > 0,K,, <1 b. AG” > 0, K,,> 1 

c. AG^ «0, K, 71 d. AG? «0, K,. «1 


BB 2. 6G = nF E? or = —2° 
nF 
^ AG- > 0 and AG” = -nRT In K, 


fo Beg | 


Which of the following graphs correctly represent for an 
equilibrium reaction whose K p^ 1 


y: 
Pr d 
E fo 
tz =] 
a. 9 b. 9 
2 Ë 
t» T 
Pure Pure Pure Pure 
reactants products reactants products 


vo 

9 =| 

5 d. 9 

C. Ü 

o D 

(s E 

Pure Pure Pure Pure 

reactants products reactants products 


The equilibrium constant K. for the homogeneous gaseous 
reaction is 10. The standard Gibbs free energy change AG? 
for the reaction at 27°C (using R = 2 cal K-! mol!) is 

b. —1.8 kcal 

d. +4.154 kcal 


a. Zero 
c. —4.154 kcal 


ESO a. AG? - -RT In K, 
- -2 x 300 x In (10°) 


= +4.154 kcal 


The free energy of formation of NO is 78 kJ mol at the 
temperature of an automobile engine (1000 K). What is the 
equilibrium constant for this reaction at 1000 K? 


i | a . 
z Note) T 5 028) —— NO(g) 


a.8.4x 10> b. 7.1 x 10? 
c. 42 x 10719 d. 1.7 x 10°19 
Sol, ) AG = 78 kJ mol"! 
T= 1000K 
AG? — -nRT In K, 
— o — 
In K Q7 AG - EN NN 
P nRT 8314x1000 
I l 2) E 
or K - antilo LEM =8.4 x107 
8314x100). 5749 


The densities of graphite and diamond are 22.5 and 3.51 em em ^ 
©) -— > a 

The A,G° values are 0 J mol! and 2900 J mol! for graphite and 

diamond, respectively. Calculate the equilibrium pressure for the 

conversion of graphite into diamond at 298 K. 


Sol. We have, C —> C 


AG? = AG diamond) > AG (graphite) 
= (2900 - 0) = 2900 J mol! =. AGS = 2900 J vol 
Volume = 2 

Density 
AV 2 (V -no-[:z- 22 nm 
i i 3.51 225 x 10 m mo 


==1.91 * 10 ay mol” 


= AV OP 
jo" 
, P, 
faao) = [Ar aP 
| ; 
ez P3 7 P) 
VR 
^" AV 


2900 J mol | IER 
ee mm aem diii ess 
at Ps -1.91 x 10 5 m? mol”! ra 


2152 x 10° Pa 
l 


. Pressure 


njculate the pressure of CO, gas at 700 K in the heterogeneous 
gulibrium reaction CaCO,(s) «——^ CaO(s) + CO,(g), if AG? 
;rthis reaction iS 130.2 kJ molt. 


For the reaction, — — 
CaCO,(s) == CaO(s) + CO,(g) 
K= Poo, 
We know that, AG^ = -RT In K, 
( . 1302x10Jmol'! ? 


| -AG 
. hK -—————-— Se i. E 
8314JK mol x700K, 


= RI 


-1302x10? Jmol) 
$314JK | mol x 700 K) 


= 1.94 x 1071? atm 
ot Fog = Ky = 1.94 x 10-1? atm 


“the equilibrium 

... NiO(s) + CO(g) —— Ni(s) + CO,(8) 
x (J mol!) = -20700 — 11.97T. Calculate the temperature at 
“sich the product gases at equilibrium at 1 atm will contain 400 
Wm of carbon monoxide. 


oe i 
a K- aiioe 


Sa, For the given reaction, 


NiO(s) + CO(g) —2= Nils) + CO,(8) 


k K, M Foo, 
Foo 
S 
Ince Poo << Pe. oy hence 
l 
E 


Foo 7 400 x 10$ 
We know, AG® = -RT In K , 
AG? _ -(-20700=11.977) 


^ WK = 
P RT RT 
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oaa OMM 
/ we know that, 


p RT 
aso) = 20709 LITE 


-In (2500) (8.3147) = 20700 + 11.977 
> 65.049T = 20700 + 11.977 
—, 65,0497 — 11.977 = 20700 
=> 53,0797 = 20700 
_ 20700 


~ 53.079 
"Temperature at equilibrium — 389.9 K 


K, for the reaction N50, => NO, n chloroform at 291 K 
is 1.14. Calculate the free energy change of the reaction when 
the concentration of the two gases are 0.5 mol dm” each at the 
same temperature. (R — 0.082 L atm K^! mol). 


Sol. From the given data 
T - 291 K; R = 0.082 L atm K^! mol! 
«114: = i -3 
K= 1.14; Cno, Cy,0, 0.5 mol dm 


x 389.9 K 


The reaction quotient Q, for the reaction N,O, == 2N0,, 
E [NO]? 05x05 _ 95 
* [N5,0,] 0.5 
Since Q, = Q (RT)™ and An = 2 - 1 = 1 in this case 
9, 0.5(0.082 x 291) = 11.93 
E K (RT)" = 1.14(0.082 x 291) - 27.1 
Substituting these values in the following equation, we get 
AG 7 AG? * RTIn Q, 
--RTIn K, + RT In O, 
= -2.303RT(log K, - log Q,) 
AG = (0.082 x 291 x 2.303)(log 27.2 - log 11.93) 
= —54.95(1.4346 — 1.0766) = -19.67 L atm 


A reaction mixture containing H5, N,, and NH, has partial 
pressures 2 atm, | atm, and 3 atm, respectively, at 725 K. It the 


value of K, for the reaction, N,(g) + 3H,(g) ==> 2NH,(g) is 
"E 5. » s s ‘ x N 
4.28 x 10? atm? at 725 K, in which direction the net reaction 
will go? 
a. Forward b. Backward 
c. No net reaction 


3y 


d. Direction of reaction cannot be predicted. 
(Pru y 9 2 
IB o. 0, - ——5—, - 9, - am? 21.125 atm ? 
PN, x (Pu,) (1) (2) 8 
Si > a 1 V 
ince the value of Q, is larger than K, (4.28 x Jr» 


xs. xou ds : : 
atm ^), it indicates net reaction will proceed in the 
backward direction. 


Illustration Based on Degree of Dissociation using m Ah, Pa Jat 
L] b "-— CM = a m 
Pressure Temperature Determination T, T, 


i58) Decomposition of N,O, 30% by mass œ 30% by mole 


(mass « mole) 
i. The initial pressure of PCI, present in one litre vessel at i i oll). 
200 K is 2 atm. At equilibrium the pressure increases to 


3 atm with temperature increasing to 250. The percentage N,O, <== 2NO, (At pressure = 3 atm) 
dissociation of PCI, at equilibrium is Intial i 0 
Ateq 1-0.3=0.7 2~ 0.3 =0.6 


a. 30% b. 60% c. 0.2% d. 20% 

ii. One mole of N,O,(g) at 100 K is kept in a closed container 
at 1.0 atm pressure. It is heated to 300 K, where 30% by 
mass of N,O,(g) decomposes to NO,(g). The resultant 
pressure will be 


Total moles = 0.7 + 0.6 = 1.3 
[ntial pressure after 
Intial mole | change of temperautre 


Moles at equilibrium g 


1 3 


Equilibrium pressure 


3.39atm b.l.95atm c. 1.0 atm d. 3.0 atm — => > P=3.9atm 
13 P 
BED i. a. Second method: 
First method: TnP,-T,R 
Qe 
Pressure at 200 K = 2 atm DF 
Pressure at 250 K = P atm im Uc 


300 x1 
=> P, — 3.9 atm 


Using relation; 
B P, P 2 
—— — = —— 


T, T, 250 200 


z. P=2.5 atm NEUEM 
The density of an PERRA mixture of N,O, and NO, at | atm 
PCL, —— PCI, + Cl, is 3.62 g L! at 288 K and 1.84 g L-! at 348 K. Calculate the 
Initial a 0 0 entropy change during the reaction at 348 K. 
At equilibrium a-o. a a 


Total moles = a + & 
Intial pressure after 


Initial mole . change of temperautre 
Moles at equilibrium Equilibrium pressure 
a 2,5 l 
=—>0a=—a 
aca 3 5 


Therefore, % of PCI, dissociated = sa 100 
a 


- 7 x 100=20% 


5xa 

Second method: 
Using relation: 

_ P-L 
T XE 

200 v 3-2507 2 600 — — 500 

T 25072 | 500 — 

|] 
u^ 


% of A= ix 100 = 20% 


ii. a. First method: 
V is constant (closed container) 
On tripling the temperature — Pressure becomes three 
times 


For K, proceed as follows: 


PV =nR 


= 3.62 x 0.082 x 288 = 85.6 
Let a mol of N,O, and (1 — a) mol of NO, exist 3! 
equilibrium. 
ax 92+ (1 -a) x 46= 85.6 
a= 0.86 
NNO, 7 0.86, Nyo, 7 
0.14x0.14. [1] ; 
p^ EET M X H = 0.0228 atm at 288 K 
Case Il 
ART 
m — =—— = 1.84 x 0.0821 x 348 = $2.37 


mix p 


0.14 mol 


Leta mol of N,O, and(1— a) mol of NO, existat equilibrium 
ax92t(1—-a)x 46 = 52.57 
a 0.14 
NNO, 0.14, nyo, = 0.86 
0.86 x 0.86 f 


= Sls? 
p 014 1 5.283 atm at 348 K 


A 
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"m M MEE MM MEME M EM ccm uM EUTMIM ae 
i ( \ of H, and I, react to form HI and finally the equilibrium shifts in 


(Kx), a [nn 

logio x, | 2.303R| TT, 
5.283 AH [348-288 
2 logo 9.0228 2x2.303|348 x 288 


.. AH = 181956 cal = 18.196 kcal 
G=-2.303 RT log K, 


: 22.303 x 2 x 348 x log 5.283 
= —1158.7 cal. 
AH -AG 18195.6+1158.7 
AS= T = 34g. 62 cal 


9 FACTORS AFFECTING 
: 
“EQUILIBRIA: LE CHATELIER’S 


PRINCIPLE 


(system in equilibrium is affected by the following factors: 
a Change of concentration of any reactant or product. 

Change of pressure on the system 

Change of temperature of the system 

Addition of catalyst 

Addition of some inert gas 
On changing the above factors for any reaction at equilibrium, 
he equilibrium of the system changes. In order to decide what 
curse the reaction adopts and make a quantitative prediction 
bout the effect of a change in conditions on equilibrium, we use 
Le Chatelier's principle. It states that a 

Change in any of the factors that determine the equilibrium 

conditions of a system will cause the system to change in such a 
namer so as to reduce or to counteract the effect of the change. 


This is applicable to all physical and chemical equilibria. 


Oo R0 c 


7.9.1 EFFECT OF CONCENTRATION CHANGE 
Consider the general reaction at equilibrium 
A+B ==> C+D 
when the equilibrium is disturbed by the addition, removal of any 
reactant; or products. Le Chatelier’s principle predicts that: 

* The concentration stress of an added reactant or product 
is relieved by shifting net reaction in the direction that 
consumes the added substance. 

: The concentration stress of a removed reactant or product 
is relieved by shifting net reaction in the direction that 
replenishes the removed substance. 

Or in other words, 

1 Me the concentration of any of the reactants or products 
e action at equilibrium 1s changed, the composition of the 
um mixture changes so as to minimisc the effect of 
Ntration changes. 
Let us consider the reaction 
H(g) + L(g) => 2HI(g) 
IfH, is added to the reaction mixture at equilibrium, then the 


$ ui | i LI LE . 
M llibrium of the reaction is disturbed. In order to restore it, the 
C : aig l 
lion proceeds in a direction wherein H, is consumed i.e., more 


right (forward) direction (Fig. 7.9). This is in accordance with the 
Le Chatelier’s principle which implies that in case of addition of 
a reactant or product, a new equilibrium will be set up in which 
the concentration of the reactant or product should be less than 
what it was after the addition but more than what it was in the 
original mixture. 

d h 


Equilibrium 


Equilibrium © re-established 


>- 


Nota Time 
Equilibrium 
H, added 


Fig. 7.9 Effect of addition of H, on change of concentration of the 
reactants and products in the reaction 
——— T 


H,(g) + 1,(g) ——— 2HI(g) 


This can also be explained in terms of the reaction quotient O. 


| [HI 
© (A, JU] 

The addition of H, at equilibrium results in decrease in 
the value of Q, and it is less than K.. Thus, in order to attain 
equilibrium, the reaction proceeds in a direction where in H, is 
consumed, i.e., more of H, and I, react to form HI. Similarly, 
the removal of a product also increases the forward reaction 
and increases the concentration of products. This has a great 
commercial application in cases of reactions, where the product 
is a gas or a volatile substance. In case of the manufacture of 
ammonia, it is liquified and removed from the reaction mixture so 
that the reaction keeps moving in the forward direction. Similarly, 
in the large-scale production of CaO (used as important building 
material) from CaCO,, constant removal of CO, trom the kiln 
drives the reaction to completion. It should be remembered that 
continuous removal of a product maintains Q, at a value less than 
K, and the reaction continues to move in the forward direction. 

The effect of concentration change on a reaction in equilibrium 
can be demonstrated in the laboratory with the help ofthe following 


reaction: 
Fe?t(aq) + SCN (aq) == [Fe(SCN)]**(aq) alt) 
Yellow Colourless Deep red 


"- [Fe(SCN)^ (aq)] 
C [Fe ap] [SCN (aq)] 


A reddish colour appears on adding two drops of 0.002 M 
potassium thiocynate solution to | mL of 0.2 M iron (III) nitrate 
solution due to the formation of [Fe(SCN)]^*. The intensity 


P EN 
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of the red colour becomes constant on attaining equilibrium. 
This equilibrium can be shifted in either forward or reverse 
. directions depending on our choice of adding a reactant or 
a product. The equilibrium can be shifted in the opposite 
direction by adding reagents that remove Fe?* or SCN“ ions. 
For example, oxalic acid (H,C,O,) reacts with Fe** ions to 
form the stable complex ion [Fe(C,0,),/ , thus decreasing 
the concentration of free Fe?'(aq). In accordance with the 
Le Chatelier's principle. the concentration stress of removed Fe?' 
is relieved by dissociation of [Fe(SCN)]** to replenish the Fe?” 
ions. Because the concentration of [Fe(SCN)]?* decreases, the 
intensity of red colour decreases. 

Addition of aqueous HgCl, also decreases red colour 
because Hg^' reacts with SCN“ ions to form stable complex ion 
[Hg(SCN),]°. Removal of free SCN’ (aq) shifts the equilibrium 
in equation (1) from right to left to replenish SCN° ions. Addition 
of potassium thiocyanate on the other hand increases the colour 
intensity of the solution as it shift the equilibrium to right. 


7.9.2 EFFECT OF PRESSURE CHANGE 


The change in pressure has significant effect only on gaseous 


equilibrium which proceeds with a change in the number of moles 
of the gases. 


The change in pressure obtained by changing the volume can 
effect the yield of products where the total number of moles of 
gaseous reactants and total number of moles of gaseous products 
are different. According to Le Chatelier's principle, increase of 
external pressure should affect the equilibrium in such a way to 
reduce the pressure. This implies that the equilibrium will shift in 
the direction which has smaller number of moles of the gaseous 
substance. 


Consider the reaction 


CO(g) + 3H,(g) —— CH, g) + H O(g) 

Here, 4 mol of gaseous reactants (CO + 3H,) becomes 
2 mol of gaseous products (CH, + H5O). Suppose equilibrium 
mixture (for above reaction) kept in a cylinder fitted with a piston 
at constant temperature is compressed to one-half of its original 
volume. Then, the total pressure will be doubled (according to PV 
— constant). The partial pressure and therefore concentration of 
reactants and products have changed and the mixture is no longer at 
equilibrium. The direction in which the reaction goes to re-establish 
equilibrium can be predicted by applying the Le Chatelier's 
principle. Since the pressure has doubled, the equilibrium now 
shifts in the forward direction, a direction in which the number 
of moles of the gas or pressure decreases (we know pressure is 
proportional to moles of the gas). This can also be understood by 
using reaction quotient, Q. Let [CO], [H., |, [CH], and [H,O] be 
the molar concentrations at equilibrium for methanation reaction. 
When, volume of the reaction mixture is halved, the partial pressure 
and the concentration are doubled. We obtain the reaction quotient 
by replacing each equilibrium concentration by double its value. 


, ICH, GOTH; O QD] 
[COW Hg 
As Q, < K_, the reaction proceeds in the forward direction 


In reaction C(s) + CO,(g) ——2 2CO(g), when Pressure j 
increased, the reaction goes in the reverse direction because the 
number of moles of gas increases in the forward direction, 


On the other hand, decrease in pressure shifts the equilibrium, 
in favour of forward rcaction. 


Now, let us consider some reactions which do not involve any 
change in the number of moles of gascous species: 


H,(g) + L(g) ——— 2HI(g) 
N,(g) + O,(g) ——— 2NO(g) 


In such reactions, pressure does not have any effect on 
equilibrium. 


Let us consider the equilibrium involving dissolution of CO. 
in water. The equilibrium may be represented as: i 


CO,(g) =~ CO,(aq) 

On increasing the pressure of CO,, the equilibrium shifts in 
the direction which results in the decrease in pressure of CO.. The 
pressure of CO, will be lowered only if CO,(g) dissolves in water 
to form CO,(aq). Thus, the solubility of gas in liquid solvent is 
directly proportional to the pressure of the gas. 


The effect of pressure is listed in Table 7.5. 


Table 7.5 Effect of pressure (or volume) 


Type I: An=0 Equilibrium is not affected 


Type II: An = +ve Increase in P (or decrease in V) shifts 


the equilibrium to left 
Increase in P (or decrease in P) shi 
the equilibrium to right 


In general, low pressure favours those reactions which are 
accompanied by increase in total number of moles and big? 
pressure favours those reactions which take place with decrezs 
in total number of moles. However, pressure has no effect on 22 
equilibrium reaction which proceeds with no change in the total 
number of moles. 


7.9.3 EFFECT OF TEMPERATURE CHANGE 
Whenever an equilibrium is disturbed by a change in the 
concentration, pressure, or volume, the composition of thè 
equilibrium mixture changes because the reaction quotient Q. 
no longer equals the equilibrium constant A. However, when 3 
change in temperature occurs, the value of equilibrium constant 
A is changed. 

In general, the temperature dependence of the equilibriu 
constant depends on the sign of AZ for the reaction. 

* The equilibrium constant for an exothermic react!" 

(negative AH) decreases as the temperature increases. 


A 


ji 


b 


rhe equilibrium constant for an endothermic reaction 
positive AH) increases as the temperature increases. 
femp" 
IN 


„example. production of ammonia can be represented by 


rature changes affect the equilibrium constant and 


ai 
[o 
ELA 


fe unt 3H,(g) = 2NH,(g); AH = -92.38 KJ mol! 


In this r . 

ding to Le Chatelier's principle, increasing the temperature 
yj the equilibrium in backward direction and decreases 
A equilibrium conpentraHon of ammonia. On decreasing the 
perature. the equilibrium shifts towards exothermic reaction. 


eaction, the forward reaction is exothermic and 


din 


NT. temperature favours the formation of ammonia. 
S. 
rfiect of temperature change in exothermic reaction 


he reaction in which NO, (g) (brown in colour) dimerises into 
\.0, gas (colourless) is exothermic. 
y4 S 


WNO4(g) = _N,0,(g); AH = -57.2 KJ mol ! 
Brown) (Colourless) 


At low temperature, the forward reaction of formation of 
X0, is preferred, as reaction is exothermic, and thus, intensity 
‘brown colour due to NO, decreases while high temperature 
ayours the reverse reaction of formation of NO,, and thus, the 
«wn colour intensifies. 


Effect of temperature can also be seen in an endothermic 
reaction. 
(Co(H,O), (aq) + 4CI- (aq) == [CoCI,]^ (aq) 
Pink Colourless Blue + 6H,O(]) 


Atroom temperature, the equilibrium mixture is blue due to 
(CoCl,J>. When cooled in a freezing mixture, the colour of the 
mixture turns pink due to [Co(H,0),]*. 


19.4 EFFECT OF A CATALYST 


^ catalyst increases the rate of the chemical reaction by making 
available a new low energy pathway for the conversion of reactants 
t0 products. It increases the rate of forward and reverse reactions 
that pass through the same transition state and does not affect 
squilibrium. Catalyst lowers the activation energy for the forward 
4d reverse reactions by exactly the same amount. Catalyst does 
"^t affect the equilibrium composition of a reaction mixture. It does 
"ot appear in the balanced chemical equation or in the equilibrium 
constant expression. 

_ Let us consider the formation of NH, from dinitrogen and 
“ihydrogen which is highly exothermic reaction and proceeds 
With decrease in total number of moles formed as compared to 
à reactants. Equilibrium constant decreases with increase in 
oo At low temperature rate decreases and it takes long 
ae to reach at equilibrium, whereas high temperatures give 

Sfactory rates but poor yields. 
"s German chemist, Fritz Haber discovered that a catalyst 
isting of iron catalyse the reaction to occur at a satisfactory 
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rate at temperatures, where the equilibrium concentration of NH, 
is reasonably favourable. Since the number of moles formed in 
the reaction is less than those of reactants, the yield of NH, can 
be improved by increasing the pressure. | 
Optimum conditions of temperature and pressure for the 
synthesis of NH, using catalyst are around 500°C and 200 atm. 


7.9.5 EFFECT OF INERT GAS ADDITION 
The effect of addition of inert gas (i.c., a gas which does not 
react with any of species involved in equilibrium) on equilibrium 
depends upon the conditions of equilibrium as discussed below: 
Consider the dissociation equilibrium 
PCI.(g) <== PCI,(g) + Cl(g) 


TQ PCLIICI 
The equilibrium constant, K, = [PCI TCI] 
i [PCI] 


a. Addition of Inert gas at constant volume: If the volume is 
constant (AV = 0) and an inert gas such as argon is added, the 
equilibrium remains undisturbed. It is because the addition 
of an inert gas at constant volume does not change the 
partial pressures or the molar concentrations of the substance 
involved in the reaction. 

b. Addition of inert gas at constant pressure: If inert gas is 
added to the system at constant pressure, it will result in the 
increase in volume. As a consequence of this, the number 
of moles per unit volume of various reactants and products 
will decrease. According the Le Chatelier’s principle, to 
counterbalance this stress, the equilibrium will shift to the 
side where number of moles are increased. In the above 
given equilibrium, the addition of inert gas at constant 
pressure will push the equilibrium to the forward direction. 

Table 7.6 illustrates the effect of addition of inert gas on 
equilibrium. 


Table 7.6 Effect of addition of inert gas 


Type of reaction | Effect of addition of inert gas 


Type I: An = 0 Equilibrium is not affected either at | 
| 


constant pressure or at constant volume 


At constant volume: Equilibrium is not 
affected 


Type II: An = +ve 


At constant pressure; Equilibrium shifts 
to right 

At constant volume; Equilibrium is not 
affected 

At constant pressure; Equilibrium shifts 
to left 


I. Which of the following conditions help melting of ice? 


a. High pressure, temperature below 0°C. 
b. High pressure, temperature above 0°C. 
c. Low pressure, temperature above 0°C. 
d. Low pressure, temperature below 0°C. 


A277. 
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II. Densities of diamond and graphite are 3.5 and 2.3 g mL ', 
respectively. The increase of pressure on the equilibrium 
C aiümond Wm C graphite 

a. Favours backward reaction 

b. Favours forward reaction 

c. Have no effect 

d. Increases the reaction rate 


Ul. K, for an endothermic chemical reaction is 10 atm. Then 
backward reaction is favoured at 


a. High pressure, high temperature 
b. High pressure, low temperature 
c. Low pressure, high temperature 
d. Low pressure, low temperature 
IV. For the following reaction, the value of K changes with 
N,(g) + O(g) << 2NO(g); AH = +180 kJ mol! 
a. Change in pressure 
b. Change in concentration of oxygen 
c. Introduction of NO(g) 
d. Change in temperature 


V. Which among the following reactions is favoured in forward 
direction by increase of temperature? 


a. N-(g) + 3H (£) ===> 2NH,(g) + 22.9 kcal 
b. N,(g) + O,(g) ——— 2NO(g) - 42.8 kcal 

c. 280,(g) + O,(g) ——— _ 280,,(g) + 45.3 kcal 
d. H,(g) + CL(g) - 44 kcal ——— 2HCI(g) 


I. b. Melting of ice is favoured at high pressure and high 
temperature. 

IL c. Le-Chaterlier's principle is not valid for solid-solid 
equilibrium. 

IH. c. Low pressure and low temperature. 

IV. d. 


V. b. It is an endothermic reaction, hence the rise in 
temperature will favour forward direction. 


I. The exothermic formation of CIF, is represented by the 
equation: 
CL(g) + 3P,(g) === 2CIF.(g); AH 129 kJ 
Which of the following will increase the quantity of CIF, 
in an equilibrium mixture of Cl, F, and CIF |? 
a. Increasing the temperature 
b. Removing Cl, 
c. Increasing the volume of the container 
d. Adding F, 


II. For the following reaction through staves I, IT, and IH 


d. B ap. 2 ub 


Ill. 


——————————— — 


quantity of the product formed (x) varies with temperature 
(T) as given. Select the correct statement. 


a. Stages I and II] are endothermic but II 1s exothermic. 
b. Stages I and III are exothermic but I] is endothermic. 
c. Stages II and IJI are exothermic but I is endothermic. 
d. Stage I is exothermic but stages JJ and II] are endothermic. 


Which among the following reactions will be favoured at 
low pressure? 


a. N,(g) + O(g) ——— 2NO(g) 
b. H,(g) + L(g) —— 2HI(g) 


c. PCl.(g) —— PCL,(g) + CL(g) 


d. N.(g) + 3H,(g) —— 2NH,(g) 
Consider the following reversible reaction at equilibrium- 
2H,O(g) ——— 2H,(g) + O,(g): AH = +24.7 kJ 


Which one of the following changes in conditions will lead 
to maximum decomposition of H,O(g)? 


a. Increasing both temperature and pressure 

b. Decreasing temperature and increasing pressure 
c. Increasing temperature and decreasing pressure 
d. Increasing temperature at constant pressure 


e. Increasing pressure at constant temperature 


: A gas X when dissolved in water, heat is evolved. Then 


solubility of X will increases at 
à. Low pressure, high temperature 
b. Low pressure, low temperature 


c. High pressure, high temperature 
d. High pressure, low temperature 


d. Equilibrium will shift in the forward direction > 


increasing the concentration of reactant. 

Stage l (4 to B): The quantity of B is more than that ?' 

A. This means formation of B is favoured with increz* 

in temperature 7. Thus, stage | must be endotherme 

: : PCM , 3l 

Stage IL (5 to C): The quantity of C is less than e 
EX. ^n ; as a it 

of B. Thus, the formation of C is less favoured W 

an increase in temperature. Hence, stage II mus! m 

exothermic. 


Stage IH (C to D): Following the above stateme?^ 
stage III must be endothermic. 
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On lowering the pressure, equilibrium favours the 
ih © direction of higher volume. 
eaction 1S endothermic and An > 0, hence the 

formation of product will be favoured by increasing the 

temperature and decreasing the pressure. 

vlg) + water ——23 _ X(aq) + heat 

. Exothermic reactions are favoured at low temperature 
(As per Le-chatelier’s principle) 

. Since there is a decrease in volume in the forward 
direction, it will be favoured at high pressure. 


T ia 


l Au(s) —23 Aw) 
above mentioned equilibrium is favoured at 

a. High pressure, low temperature 

b. High pressure, high temperature 

c, Low pressure, high temperature 

d. Low pressure, low temperature 

What is the direction of a reversible reaction when one of 
the products of the reaction 1s removed? 


— 


Il. 


a. The reaction moves towards right hand side. 
b. The reaction moves towards left hand side. 
c. The reaction moves equally on both the sides. 
d. The reaction stops. 
Ill. According to Le Chatelier’s principle, adding heat to a solid 
and liquid in equilibrium will cause 
a. Amount of solid to decrease. 
b. Amount of liquid to decrease. 
c. Temperature to rise. 
d. Temperature to fall. 
SIRIA 


IV. The equilibrium constant for the reaction, A+ B —— 
+D is 2.85 at room temperature and 1.4 x 107 at 698 K. 


This shows that the forward reaction is 

a. Exothermic 

b. Endothermic 

c. Unpredictable 

d. There is no relationship between AH and K. 


V. Le Chatelier’s principle is applicable to: 
a. Only homogeneous chemical reversible reactions 
b. Only heterogeneous chemical reversible reactions 
c. Only physical equilibria 
d. All system, chemical or physical, in equilibrium 
Sol 
lc. Au(s) + heat —— Aull) 
* Thereisan increase in volume in the forward direction, 
hence the melting is favoured at low pressure. 
* Since melting is an endothermic process, it is favoured 


at high temperature. 


. a. Removal 


t in decrease in the 


concentration of products and hence the reaction shifts 


to forward direction. 


a. On increasing the temperature, solid melts to liquid. 


HI. 
IV. a. Because equilibrium constant decreases on increasing 
temperature 
V. d 


In. 


IV. 


. When any syste! 


Solubility of a gas in liquid increases on 

a. Addition of a catalyst 

b. Decreasing of pressure 

c. Increasing of pressure 

d. Increasing of temperature 

n in equilibrium is subjected to a 
c in pressure, concentration, or temperature, the 
ed in the direction which tends to 
hange. This statement is known as 


chang 
equilibrium is shift 
undo the effect of the c 
a. First law of thermodynamics 
b. Le Chatelier's principle 

c. Hess's law 


d. Ostwald's law 
The equilibrium constant for the reaction N,(g) + O,(g) 


——=_ 2NO(g) is 4.0 x 10-4 at 2000 K. In the presence 
of a catalyst, the equilibrium is attained 10 times faster. 
Therefore, the equilibrium constant in presence of the 


catalyst at 2000 K is 
a.A4x 104 b. 40x 107 
c.4x 102 d. Difficult to compute without more data 


When KOH is dissolved in water, heat is evolved. If the 
temperature is raised, the solubility of KOH 

b. Decreases 

d. Cannot be predicted 


a. Increases 
c. Remains the same 
Le Chatelier's principle is not applicable to 


a. Fe(s) + S(s) ——— FeS(s) 

b. H,(g) + L(g) ==> 2HI(g) 

c. N,(g) + 3H,(g) ==> 2NH,(g) 
d. N,(g) + O(g) ==> 2NO(g) 


. a. Equilibrium constant will remain same, because catalyst 


increases both the forward reaction as well as backward 
reaction. 


. b. Because it is an exothermic reaction. 


I. Consider the reaction 
CaCO,(s) == CaO(s) + CO,(g) 
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I. 


ult. 


in closed container at equilibrium. What would be the effect 
of addition of CaCO, on the equilibrium concentration of 
CO? 

a. Increase b. Decreases 
c. Remains unaffected 

d. Data is not sufficient to predict it 


The equilibrium constant for a reaction A + B = 

+ Dis | x 102 at 298 K and is 2 at 273 K. The chemical 
process resulting in the formation of C and D is 

a. Exothermic 

b. Endothermic 

c. Unpredictable 

d. There is no relationship between AH and K. 

In a flask, colourless N,O, is in equilibrium with brown- 
coloured NO,. At equilibrium, when the flask is heated to 
100°C the brown colour deepens and on cooling, the brown 
colour became less coloured. The change in enthalpy AH 
for the system is 


a. Negative b. Positive — c. Zero d. Not defined 


.. Consider the following equilibria: 


I. A(s) — B(s) 


m. A() —— BQ) IV. A(g). =. Big) 

Which of the above will be disturbed by an increase in 
pressure? 
a. Il 
Lim 


iL A() = B) 


b. I, II 
d. None of these 


. The following two reactions: 


i PCL(g) ——— PCL(g) + CL(g) 
ii. COCL(g) ——: CO(g) + CL(g) 


are simultaneously in equilibrium in a container at constant 
volume. A few moles of CO(g) are later introduced into the 


vessel. After some time, the new equilibrium concentration 
of 


a. PCI. will remain unchanged 
b. Cl, will be greater 


c. PCI, will become greater 


d. PCI. will become less 


I. c 
II. a. The reaction is exothermic because on decreasing the 
temperature, the value of equilibrium constant increases. 
IH. c. The reaction is endothermic in nature because on 
decreasing temperature the reaction becomes slow. 
IV. d. Because in all the above processes, the reactants 
and products are in solid and liquid state which are 
incompressible and has no effect of pressure. 
V. d. PCl.(g) —— PCl,(g) + Cl,(g) will) 


COCL(g) —— CO(g) + CL(g) 


Adding CO(g) shifts reaction (ii) in the backwar 
direction. This in turn decreases Cl (g) which causes 
relation (i) to shift in forward direction and therefor 
concentration of PCI, will decrease. 


Il. 


Hi. 


Iv. 


I. The oxidation of SO, by O, to SO, is an exothermic proces. 
The yield of SO, is maximum if 
i. Temperature is increased and pressure is kept constan, 
ii. Temperature is reduced and pressure is kept constant 
iii. Pressure is increased 
iv. Temperature and pressure both are increased 
The correct option is: 
b. i, iii d. ii, iii, iv 
The position of equilibrium will shift, by the addition of 


inert gas at constant pressure condition, in the following 
case(s): 


a. N,(g) + 3F,(g) === 2NF,,(g); forward direction 


a. 1, li C. 11, i1] 


cmm 


b. COCL(g) ==> CO(g) + CL(g); forward direction 


c. CO(g) + 2H,(g) ——— CH4OH(g): backward direction 


d. 2C(s) + O,(g) ——— 2CO(g); forward direction 
COCI, gas decomposes as: 
COCL(g) = CO(g) + CL(g) 


If one mole of He gas is added in the vessel at equilibrium 
at constant pressures then 


a. [COCI,] increases. 
b. Moles of CO will increases. 


c. The reaction goes in forward direction. 
[SU = 1. 


What would be the effect of increasing the volume of each 
of the following systems at equilibrium? 


a. 2CO(g) + O,(g) ——— 2CO,(g) 
b. Ni(s) + 4CO(g) ==> Ni(CO),(g) 
c. NO,(g) == 2NO,(g) 


IV. 


e. 2504(g) +O 48)» 2804(g); AH = —e 
and An = ny -n,72—3--1 
Therefore, SO, will m more at low T and high P. 
b., d. At constant pressure, adding inert gas result. shifting 
system to more in a direction where there jp 
increase in number of moles is Av, > 0. 
costs | 


COCI,(g) === CO(g) + Cl,(g); An, -2- 171 

When an inert gas is added at constant P, the reaction shifts 
where An, > 0 (forward direction). 

Hence, (b), (c) are correct. 

Increasing volume (at constant temperature) will res 
in a decrease in the concentration of all the gases. As pet 
Le Chatelier's Principle, the reaction should move in? 


ult 


A 
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A on of increase in total number of gaseous moles 


{ire creasing concentration). Thus, the shift is in a 


cog + 08) —7 2C 0:8 


D A diventi e. 
-kward direction ^^ (A 
[Back ( Th TEET direction ^ 0] 


l [Backward direction *. (An 
—— 2NO,(g) 


[Forward direction ^. (An). 
g Forward 


g Backward direction >0] 


direction = 0] 


pens when an inert gas is added to 


ahal hap 
pag = PCh(Q) + Ch 


ii 580. (2) T O(g) = 250., (g) 


sequilibrum at: (a) constant pressure and temperature, and 
(b) at constant volume and temperature. 


Letus discuss what happens when an inert gas is added to 
he following reaction at equilibrium stage: 
mA(g) + nB(g) = pC(g) + qD(g) 
the reaction is at equilibrium, we have: 
[s D 
Any factor (€.g. change in the concentration of reactants/ 
products or both) can have impact (in terms of change in 
še concentration of reactants/products) on that reaction at 
-quilibrium only if that factor changes the equation (i) so 
that K at 0 
Two cases occur: 
a Inert gas addition at constant pressure. 
Pg 
K -Q- aoe (at equilibrium) 
P aP B 
and partial pressure (p) = X Prou 


n . 
— Mole fraction 


where y = 
NT otal 


Thus, when an inert gas is added, x of each of the gas 
decreases and since P4 is constant, the partial pressure 
decreases leading to a new equation: 

O > f 

27 FOTO Ke, 

Which will depend on whether 

"Wo Un )y— LM Jy ^ 0 or > 0, respectively. 


= PCI.(g) == PCI,(g) + Clg) 
An, =| >0>0<K,, 
(Reaction will move in forward direction) 
Similarly, 2S0,(g) + O.(g) ——— 2SO0.(g) 
ase depes Do. 
" (Reaction will move in the backward direction) 
Inert gas addition at constant volume: 


Pd 
K= Q= ECL (at equilibrium) 
PaPs 


and partial pressure (p) ^ X Paotal 


n : 
- ction 
where x =—— = Mole fra 


ronal 
led at constant volume, Pri T 


Now, when inert gas is adc 
f cach gas remains same, 


and y4 but partial pressure o 


since: 
: ing Dalton’s 
i = a our * sing Dalto 
Partial pressure (p) ~ 777; Prog and using 
Total 


Law and ideal gas equation: 


: ; 
Protal - m — constant 


P. V= Norah Check: 


Total MTotal 


= adding inert gas at constant 
Thus, Ko Q even on g g 


volume. Thus, adding inert gas at constant volume has 


no effect on a reaction at equilibrium. 


H. 


Hl. 


IV. 


V 


What is the effect of temperature and pressure on the yields 
of products? 
a. N,(s) + 3H,(g) <= 2NH, + x cal 
b. N,(g) + O,(g) === 2NO(g)- y cal 

.2804(g) + Ogg) ——— 2SO,(g) + 46.9 kcal 
d. PCl.(g) == PCL (g) + Cl,(g) - 15.0 kcal 
What would happen to a reversible reaction at equilibrium. 
when 
a. The temperature is raised, given that its AH is positive. 
b. The temperature is lowered, given that its AH is positive. 
c. The temperature is lowered, given that its AH is negative. 
d. The pressure is lowered, given that An is negative. 
e. The pressure is increased, given An is negative. 
Which of the following factors will increase the solubility 
of NH, gas in H,O? 
a. Increase in pressure 
b. Addition of water 
c. Increase in temperature 
d. Decrease in pressure 
Consider the equilibrium 


PCI,(g) + Cl,(g) == PCl;(g) 
How would the following affect the position of equilibrrum? 
a. Addition of PCI, 
b. Addition of Cl, 
c, Removal of PCI. 
d. Decrease in the volume of container. 
e, Addition of He without a change in volume 
The reaction between H, and CO, to form CO and H,O in 
the pas phase is exothermic. Predict the changes that take 
place when the system originally at equilibrium is stressed 
in cach of the following ways 
a. CO, is removed, 
b. CO is removed. 
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7.10 KELA xc 
c. The temperature is decreased. EQU ILI BRI UM CON STANTS 


d. The pressure of the system is increased. 


— ‘librium constants (Kp and K 
|. a. Greater yield of NH, at low temperature and high The direct relation between equilibriu ( i p) 
n pressure : of two reactions and total pressures of two reaction (P, and P,) 
b. Greater yield of NO at high temperature. Pressure has when degree of dissociation (a) is same for both the reactions. 
. : ei i d y for the two reactio 
no effect. -— Let Ki and K, are In the ratio of x and y ns. 
x = à low temperature and high 
c. rir yield of SO, at p A == nB (Kp) (i) 
pressure. 


d. Greater yield of PCI, and Cl, at high temperature and P > Q«R( Ky) (ii) 
Un The degree of dissociation for reaction (i) and (ii) are same, 


IL. a. More of the products will be formed. then the ratio of the total pressures (P, and P;) for two reaction are 


b. Less of the products will be formed. 


K "B 
c. More of the products will be formed. pa AL 2 | 
d. Less of the products will be formed. K px 2 
e. More of the products will be formed. | K, : 

. ii) & (iv), ux 
Ill. (a,b) NH,(g) == NH;(ag) a. For example, for reactions, (i11) (iv) Kn " 
The solubility increases: EE 2 
ideri t same for both the 
- By increasing the pressure. EUR ing degree of dissociation 1$ 
- By decreasing the temperature (since dissolution of reaction. 
a gas is an exothermic process. l A — B (Kp) (iii) 
e By adding solvent | 
T" —o- (iV) 
IV. a. Rate of forward reaction increases, more of PCI, is PS O+R (Kp) 
formed. | Kp x QPP 
b. Rate of forward reaction increases, more of PCI, is then, Rc e = P 
formed. P, -~ 2 | 
c. More of PCI, is formed. If K, /Kp, for reactions (iii) and (iv) are in the rato of 
d. More of PCI, is formed. 1 : 3, then P,/P, is, 
e. No effect. " LE 
V. a. Moves towards reactants side. rm =5 — ( » l 

b. Moves towards products side. P, 2 
c. Moves towards products side. P 1i -— 
d. Remains unchanged. P, "med. T 


e. Remains unchanged. 


b. If P,/P, for reaction (iii) and (iv) are in the ratio of 2 : 3. 
then K, /Kp, (considering u is same for both the reaction). 


" is, 
An aqueous solution of hydrogen sulphide shows the equilibrium: K 2 
—— @ 4 L R Xx (2) P 4 x 2 0.3 
HS =~ HY + HS K =—= =—— =8:3 
If dilute hydrochloric acid is added to an aqueous solution of pn o3 P, M 
HS, without any change in temperature, the T Kp 
a. The equilibrium constant will change. i E Ko 519 


b. The concentration HS” will increase. 


c. The concentration of un-dissociated hydrogen sulphide 
will decrease. 


d. The concentration of HSY will decrease. 


IL | us 


ry "1" ' " . —À 
he equilibrium constants K, and K, for the reactions A 
l 2 


2B and P === Q +R, respectively, are in the ratio of 2 : 3. If 
the degree of dissociation of A and P are equal, the the ratio 9 
the total pressure at equilibrium is, 


a. 1:36 b. 1:9 ce 1:56 d.1:4 


BO H,S(ag) —— H° + (aq) + HS (aq) 
Addition of dilute HCl(aq) will increase the concentration 
of H® ions in the solution leading to a backward shift in the 
reaction to re-establish the equilibrium state. This means the 
concentration of HS°(aq) will decrease. 


— | 


C ‘ | 
2) B, 
Piet CURIE P/P, - 1/6 
K, 3 R 
Py 
E 
{Ind method: 
for = 2B 
Initial l 0 
At equilibrium l-a 2a 


Total moles = 1 -a t 2a. — 14 a 


p= (mole fraction of A) x Initial pressure = (= p 


l+a 
2a 
Similarly Pp = 5 + 3 j 


l+a 
for P = Q4 R 
Initial l 0 0 
At equilibrium l-a a a 


Total moles =1-a+a+ta=li+a 

d a a 
sea a 
f iz) di. Gs) DPR (rg)? 


g Pr * Po _ H 
pv i 2 
f P pp (zn (1— a”) 


Iu] 


p "the reactions X ———2Y and Z —— P +Q occurring at 


E different pressure P, and P.,, respectively. The ratio of the two 
“Sure is ] - 3, What wil] be the ratio of equilibrium constant, 
Ne degree of dissociation of X and Z are equal. 

21736. w4:12 ge d.4:3 


d. Ist method: 


3. p IInd method: 


for reaction w^ = 2Y 
Initial 1 0 
At equilibrium 1-a 20 
Total moles = l-at+2a=1+a 
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E f = 3 | 2a Jr 
Py B l+oa l Py l+a l 
20 à 
> lise)" | — 4o? 
K, = (py) xri me = 7 =) adi) 
l Px | "s | P. 
l+a 
Similarly for X æa P+ Q 
Initial I 0 0 
At equilibrium l-u 2a a. 


Total moles=l-atata=I+a 


l-o (= l -{ s) 
- [178 p: p= |->] B; pp- | ——|£ 
Pz LL lan) AP tite 


_ FPO PO _ 
Po Dy — BAL 
BE 
a^ P. 
= - (ii) 
ü-«) 


- — 


K, (l-0) Vo BR) P 
Pis P= 123 (Given) 


CONCEPT APPLICATION EXERCISE 7.2 


Objective type 
1. The yield of product in the reaction, 
A,(g) + 2B(g) ——— C(g) + OKI 
would be higher at: 
(1) Low temperature and high pressure 
(2) High temperature and high pressure 
(3) Low temperature and low pressure 
(4) High temperature and low pressure 
2. Manufacture of ammonia trom the elements is represented 
by 
N,(g) + 3H,(g) ==> 2NH,(g) + 22.4 kcal 
The maximum yield of ammonia will be obtained when 
the process is made to take place 
(1) At low pressure and high temperature 
(2) At low pressure and low temperature 
(3) At high pressure and high temperature 
(4) At high pressure and low temperature 
3. In the reaction, 2SO,(s) + O,(g) ——— 2SO,(g) + X cal, 
most favourable conditions of temperature and pressure 
for greater yield of SO, are 
(1) Low temperature and low pressure 


eee se ee —— ai 
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(2) High temperature and low pressure 
(3) High temperature and high pressure 
(4) Low temperature and high pressure 

4. In which of the following equilibrium, change in the 
volume of the system does not alter the number of moles? 
(1) N,(g) + O,(g) ——— 2NO(g) 

(2) PCL) === PCL(g) + CL(g) 
(3) N (e) + 3H,(g) ——— 2NH,(g) 
(4) SO,CL(g) == SO,(g) + CL(g) 

5. In the dissociation of 2HI === H, + L, the degree of 
dissociation will be affected by 
(1) Increase of temperature 
(2) Addition of an inert gas 
(3) Addition of H, and I, 

(4) Increase of pressure 
| 6. In line kilns, the following reaction, 
| CaCO,(s) —— CaO(s) + CO,(g) 
| proceeds to completion because of 
(1) High temperature 
(2) CO, escapes 
(3) Low temperature 
(4) Molecular mass of CaO is less than that of CaCO, 
7. Which of the following reactions will be favoured at low 
pressure? 
| (1) H,(g) + L(g) == 2HI(g) 
| (2) N,(g) + 3H,(g) == 2NH,(g 
(3) PCL) == PCl (g) + Cl (g) 
| (4) N4(g) + O,(g) ——— 2NO(g) 
| 8. If E, and E, are the activation energies of forward and 
backward reactions and the reaction is known to be 
exothermic, then 
(1) Ej? E, 
Q) E, E, 
(3) EÉ,- E, 
(4) No relation can be given between E,and E, 

9. K forareaction at 25°C is 10 atm. The activation energy 
for forward and reverse reactions are 12 and 20 kJ mol"! 
respectively. The K, for the reaction at 40°C will be: 

(1) 4.33 x 107M (2) 3.33 x 10? M 
(3) 3.33 x 10! M (4) 4.33 x 107 M 
10. Concentration of pure solid and liquid is not included in th 
expression of equilibrium constant because 
(1) Solid and liquid concentrations are independent of 
their quantities 
(2) Solid and liquids react slowly 
(3) Solid and liquids at equilibrium do not interact with 
gaseous phasc l 
(4) The molecules of solids and liquids cannot migrate to 
the gaseous phase 
11. For an equilibrium reaction involving gases, the forward 
reaction is first order while the reverse reaction 15 second 
order. The unit of K, for forward equilibrium is . 
(1) atm (2) atm? (3) atm (4) atm 7 


12. For the reaction, PCI,(g) + Ch(g) ==> PCI.(g), the 
position of equilibrium can be shifted to the right by: 
(1) Doubling the volume 
(2) Increasing the temperature 
(3) Addition of equimolar quantities of PCI, and PCI, 
(4) Addition of Cl, at constant volume 


13. The most favourable condition for the manufacture of NH 
"da i 
is: 


(1) High temperature and high pressure 
(2) Low temperature and low pressure 
(3) High temperature and low pressure 
(4) Low temperature and high pressure 
14. Which of the following change will shift the reaction in 
forward direction? 
L(g) —— 21(g); AH? = +150 kJ 
(1) Increase in total pressure 


(2) Increase in temperature 
(3) Increase in concentration of I 
(4) Decrease in concentration of I, 


15. In a vessel containing SO,, SO, and O, at equilibrium. 
some helium gas is introduced so that total pressure 
increases while temperature and volume remain the same. 
According to Le Chatelier’s principle, the dissociation of 
SO,: 

(1) Increases (2) Decreases 

(3) Remains unaltered (4) Changes unpredictably 

16. The equilibrium constants K, and K,> for the reactions 
X ==> 2Y and Z — P + Q, respectively, are in the 
ratio of 1:9. If the degrees of dissociation of X and Z are 
equal, then the ratio of total pressure at equilibria is 
(1) 1:36 (2) 14 (3) 13 (4) 1:9 

17. NO, ———2 2NO,, K, = 4. This reversible reaction is 
studied graphically as shown in the figure. Select the 
correct statements out of I, I] and HI. 

I: Reaction quotient has maximum value at point A 


II: Reaction proceeds left to right at a point when 
[N,O,] = [NO,] = 0.1 M 
III: K = Q when point D or F is reached: 


i= 
3 
3 
E 
5 
Q 
B tine —> 
(1)1, H Dum BU (4) 1, H, II! 


18. The equilibrium: 
Pg) + oCl.(g) s= 4PCh(g) 
is attained by mixing equal moles of P, and Cl, in di 
evacuated vessel. Then at equilibrium: 


A 


N 


(D (Chol ? 
gy (Pal ? [Ch] 


= 4/2=2 


(4) [PCI] > [P,] 
ANSWERS 


tive Type 
ry n0 IO 4(0 SW 
Jo O0 S30 *0 m 
E 12.(4) 13. (4) 14.() 15. (3) 
WD TO 18. 3) 
LAUNE 


i Solved Examples l | 


gate which one is homogeneous or heterogeneous? 
a. Snhombus ETT UY S Monoclinic 
b. HjO(I) —— H,O(v) 
e.H,0(s) =— H,O() 


d. Chismond —— CAmorphous 
Ng) + 3H,(g) =— 2NH,(g) 
f. CuSO,(s) + 3NH,(g) ——= CuSO, 3NH,(1) 
g.CaCO,(s) —— Ca0(s) + CO,(g) 
‘Sol. (1) A system is said to be homogeneous if phase (P) = 1. 
A system with P > 2 is heterogeneous. 
(2) To determine phase follow the rules given below. 


2 


Sts 


Explanation 


Number of solid in mixture give 
number of P, i.e., P=2 


s+] Soluble systems lead to P = | 
s+] Insoluble systems lead to P = 2 
141 


Immiscible liquids lead to P — 2 
Miscible liquids lead to P = | 

All gases in a mixture give P=] 
Given Systems a b c d 
Number of phse2 2 2 2 | 2 3 
Homogeneous Systems are: e, 


1+] 


Heterogeneous Systems are: a, b, c, d, f, g 


fa mixture of 3 mol 
í verted into NH 
tal volume at sa 


of H, and ] mole of N, 

» what oM be the ratio of 

me temperature and pressure? 
N 


Initial moles | 


is completely 
the initial and 


a ct 3H, —— 2NH, 
3 0 
2 


Final moles 0 0 


(^ complete conversion) 


A : Sits : Initiz 2c 
Ratio of initial and final volumes — -nitial moles 
Final moles 


— 61 
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(- Von, if P and T are constant) 


Calculate the equilibrium constant for the reaction j 
H,(g) + CO,(g) ——— H,O(g) + CO(g) at ag. 
If the equilibrium constants at 1395 K for the S are: 
2H,O(g) —— 2H, + O,(g); K, - 2.1 x 10 ue 
2CO,(g) —— 2CO(g) + 0,(g); K, = 1.4 x 10 


[SAD For 


2H,0 =—— 2H,+0, 


me [HT [0,] 2; Ai) 
' [H,0T 

For 2CO, n 2CO + O, 

x _ [COT [0,] (ii) 
- TOO 

For CO, +H, —— H,O+CO 
_ [H,O] [CO] whi 

[CO,][H,] 


Thus, MM LS equations (ii) by (i), we get 
K, [CO] 01, [H,O] 
K [CO,F H, [O] 
2 2 
ete [COT [H;O]" ELOY =K" [By equation (iii)] 
K, [CO;] [H,] 


1/2 -12\ V2 
oe wel A (a) jak 
Un) “lara 


For the reaction, ASB = pax, mol of: 4 and 3 3 mol of B are 
allowed to react. If the equilibrium aput 1s 4 at 400°C, what 
will be the moles of C at equilibrium 


4 + B = 56 
Initial moles 2 3 0 
Moles at equilibrium (2—x) (3 — x) x 
Jc. Ax y. y 2x 
ANB] 9755 —. — deje: 
- [A]IB] ][B] J (2—3)(8— J 
4x? Zoe 
= Ava [4] = —— 
(2-3) - x) V 
= 6- 5x +? [B] -3-* 


. x7] 


Moles of C at equilibrium = 2y = 2x 12=24 


In which Case does the 
K=1,K= 10!0 K= : 10°! 


ovation go fi 


arthest to completion: 
and why? 
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WEG The ratio [Product] . maximum when K = 10^, and 
[Reactant] 


thus, the reaction goes farthest to completion when K= 109, 


One mole of H,, two moles of l, and three moles of HI are injected 
in one litre flask. What will be the concentration of H}, I, and HI 
at equilibrium at 500°C. K, for reaction H, + L == 2HI is 45.9. 
| Sol, H, + IL == 2H 
Initial moles l 2 3 
Moles at equilibrium (1 —x) (2 - x) (3 + 2x) 


Let the volume of container be V L. 


ea ae (^ K,=45.9) 
(1—x)(2-x) 
pie ee “x= 0.64 
2-9X tx 


54 [B,|=1—0.6434= 0.316 mol L!(*: V=1 L) 
[I,]=2—0.684= 1.316 mol L~! 
[HI] = 3 + 2 (0.684) = 4.368 mol L”! 


0.5 mol of H, and 0.5 mol of I, react in 10 L flask at 44 
equilibrium constant (K ) is 50 for 
H+L == 2HI 
a. What is the value of K? 
b. Calculate the moles of Z, at equilibrium. 


‘Soll H+ L| = ni 


Moles at t ^ 0 0.5 0.5 0 
Moles at equilibrium (0.5 — x) (0.5 — x) 2x 
4x? 
K, =K, =— —3 
(0.5 — x) 
Note: Volume term is eliminated, if An = 0. 
a. K,-K, (^ An 70) 
n K, = 50 
| 4 
M b. 50- — er or 2x m 
fi (0.5 — x) (0.5 — x) 
I! 
| <. x=0.39 


-. Moles of I, at equilibrium = 0.50 — 0.39 = 0.11 mol 


The activation energy of H, +1, === 2Hl in equilibrium for the 
forward reaction is 167 kJ mol"! whereas for the reverse reaction 
is 180 kJ mol"!. The presence of catalyst lowers the activation 
energy by 80 kJ mol !. Assuming that the reactions are made 
at 27°C and the frequency factor for the forward and backward 
reactions are 6 x 107^ and 3 x 10^, respectively, calculate K, 


K, for CO(g) + HO(g) CO,(g) + H,(g) at 986°C is 0.63 


The lowering of activation energy by a catalyst occurs for 

forward reaction as well as for backward reaction. 
Thus, in presence of catalyst, 
Energy of activation for forward reaction (AH,) 

= 167 - 80 = 37 kJ mole! 
Energy of activation for backward reaction (AH,) 

= 180 — 80 = 100 kJ mole”! 
For forward reaction, K, = 4,¢ 
For backward reaction K, = 45e 
where A, and A, are frequency factors and AH 
and AH, are energies of activation. 

K, A, CAHURT) + AFT/RT)] 


= —=— .C 
Ke K, A, 


-AH IRT 
-AH /RT 


6x10 x c9 * 100)/(8.314 x 10^? » 300] 
3x10^ 
K 22x 107! et 138.314 7 300 x 10-3) 2 36.8 
[^] 


A mixture of 1 mol H,O(g) and 3 mol CO,(g) is allowed to react 
to come to an equilibrium. The equilibrium pressure is 2.0 atm. 


a. How many moles of H, are present at equilibrium? 


b. Calculate partial pressure of each gas at equilibrium. 


CO(g) + H,O(g) =— CO,(g) + Hyg) 
0 


be 
Initial moles 3 l 


0 
Moles at (3 - x) (1-x) x x 
equilibrium 


Total moles at equilibrium = 3 -—x+1—x+x+x=4 
49 


Now, ep MRNE 

©. 8-x)0-2) 

x . 7 
Tg, = 9-63 (^ K, 70.63) 
3+x —4x : 

. x-—0.681 


Moles of H, formed = 0.681 
Total pressure at equilibrium = 2 atm; 
Total moles at equilibrium = 4 ! 
P} = P x Mole fraction of that gas 
xP  0.681x2 
= = am 
ZEE + 


, J= x) P 
Feo S ini AC T :-zLloalm 


' — 
co, = Fh 


A |- x): P 
Pio = ——— — 0.16 atm 


At 700 K, CO, and H, react to form CO and H,O. For this 
purpose, K, is 0.11. Ifa mixture of 0.45 mol of CO, and 0 
mol of H, is heated to 700 K. 
a. Find out amount of each gas at equilibrium. 
b. When equilibrium has been reached, another 0.34 mol 
of CO, and 0.34 mol of H, are added to the reaction 


mixture. Find the composition of mixture at ne" 
equilibrium. 


WEN" 
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l-a "T 
2 Poe = — 
_ Pro) 03x03 _ 0,1286 atm Pcs J+a 
Í PN0, d Substituting the values in the relation 
Now assume decomposition at 1.0 atm pressure : : 
N.O, == 2NO A es J| et P : 
; i [Pena] | l+a l+a Q P 
Initial moles l 0 e. Cl 4 techy" _ ae 
Moles at equilibrium (1 —x) 2x P [ Py] [set a P l-a") 
2 \ 2 10 l É +a 
— Myo, (PY" (2x)° 
pe "Ls ~a-y [0*3 When P= 4 atm, a = 10/100 = 0.1 
N30, E 
4x? x 10 2g. 0.04 $ e Oath 
or 0.1286= M ^x = 0.0565 p 1—(0. da 0. 0.99 99 
^ d 2x 0.0565 x 10 Calculation of pressure when a = 0.2 
Pio, = X x P= 1+ 0.0565) = 1.07 atm Here K, = 0.04 atm (since temperature is same) 
s X : ) 
65 Substituting the value in the relation, 
Po. = 1- 0.0569 | 10 =8.93 atm a P' 
N:02 [124 0.0565 K = : 
P (-«) 
j 0.04 x 0. 
0.04 = 0.2 x 0.2 a ple ).04 x 0.96 ieee 
1 — (0.2) 0.04 


| for 
p 


POL, x— — Ber es, 
where a is the degree of dissociation at temperature when 
equilibrium constant is K = 


NH z 18 heated aT 5 atm from 25°C to 347°C assuming volume 
Consait The new pressure becomes 50 atm at equilibrium of the 
reaction 2NH, —— Nc 3H,. Calculate % of moles of NH, 


PCI => PCl, + Cl, aprually decomposed. 
1 0 0 GB pere 


Initial moles SoL 2NH, —— N, + 3H, 
Moles at equilibrium l-a a a Initial moles a 0 0 
where a is the degree of dissociation. Total moles = 1 + & Moles at equilibrium (a —- 2x) x 3x 
a. d Initial pressure of NH, of a moles = 15 atm at 27°C 
PL =| — |x P; Pt, =| — |x P : tes 
Ch “lisa VE a d The pressure of a moles of NH, = P atm at 347°C 
15/300 = P/620 
P — 3] atm 


At constant volume and at 347°C moles x Pressure 
a c 31 before equilibrium 
a+ 2x « 50 after equilibrium 

at+2x 50 19 


S dme 
a 3] 62 


^ 


% of NH, decomposed = =< 100 
a 


2 x 19a 
- — x 100 = 61.3% 
62 x a 
At some temperature and under a pressure of 4 atm, PCI, is 10% 
dissociated. Calculated the pressure at which PC], will be 20% What is the % dissociation of H,S if | mole of H,S is introduced 
dissociated temperature remaining same. into a 1.10 L vessel at 1000 K? K, for the reaction 
PCl, —— PC + Cl, 2H,S(g) === 2H,(g) + S,(g) is 1 x 10% 
Moles of start E 0 0 
Sol, 2H,S(e2) —— 2 
Moles at equilibrium l-a ü u Moles beli i W s 2H(g) + S4(g) 
de: Toles betore 
Total moles at equilibrium - |- (i aia dissociation ° ° 
=lig Moles after d-a) a a/2 
Let the pressure of PCI, = p atm dissociation 
m p d p where a. is the degree of dissociation of Has. 
= —— x i ——— x : = 
PRC Gag ^ £06 fae Volume of container = 1.10 L 


Assuming 1 - a x l. since acis small because K.- 106 


3 


€ -10*52a-213 
UO NLU 


x 10? = 1.396 


sme solid NH,HS is placed in flask containing 0.5 atm of NH}. 
hat would be the pressures of NH, and H,S when equilibrium 
«reached. 

NH,HS(g) ==> NH,(g) + H,S(g); K, = 0.11 


ru For the dissociation equilibrium 
NH,HS(g) == NH,(g) + H,S(g) 


Pressure before 0.5 0 
dissociation 
Pressure after (0.5 + P) P 
dissociation 


Let pressure equivalent to P atm is developed by NH, and 
H,S on dissociation of NH,HS, when 0.5 atm of NH, is 
already present. 


K, =P, x Pig = (0.5+ P) (P) 
or 0.11=(0.5 +P) (P) 
- P=0.1653 


Py, = 0.5 + 0.1653 = 0.6653 atm 
Pig = 0.1653 atm 


San experiment starting with 1 mol C)H;OH, 1 mol CH,COOH, 
=< | mol of water, the equilibrium aii of adsis shows 
“2 54.3% of the acid is esterified. Calculate Ko 


NB CHOH +CH,COOH =— CH,COOC,H, + H,O 
pes ine | l 
UA a (] - x) (1 —- x) x l tx 
77- JOT lump 


y - (CH,COOC,H.)[H,0] _ 
[(CH,COOH][C,H.OH] 


x/V- (1+ x)/V 
(1—x/V)(1-x/V) 


o xl + x) 


(=a) 
Given that, x = 0.543, since 54.3% of acid is used up. 
= K, = 4.12 


When QA H 
"Portion, 
TE used, H 
acid 


sOH and CH,COOH are mixed in equivalent 
equilibrium is dope when 2/3 of acid and alcohol 
ow much ester will be present when 2 g molecule of 
were to react with 2 g molecule of alcohol. 
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C,H,OH + CH,COOH == H,COOC,H, + H,O 


Moles before | l 0 0 
reaction 
Moles at |-x | -x x x 
equilibrium 
y = 2/3 

Moles at ^ (1 - 2/3) (1 - 2/3) 2/3 2/3 
equilibrium 

[H,COOC,H, ][H5O] 

« [C,H,OH][CH,COOH] 
213x213 
e~ ]0/3x1/3.— 


When a-D glucose is dissolved in water, it undergoes a partial 
conversion to B-D glucose to exhibit mutarotation. This 
conversion stops when 63.6% of glucose is in p form. Assuming 
that equilibrium has been attained, calculate K, for mutarotation. 


-Sol. a-D glucose ==>  p-D glucose 
At equilibrium 36.4 63.6 
K „= 63.6/36.4 = 1.747 


Calculate K. um the reaction KI +L ——— KI.. Given that initial 


weight of KI i is 1.326 g weight of KI, is 0. 105 g and number 


of moles of free L, is 0.0025 at equilibrium and fhe volume of 
solution is 1-L. 


Sok) Ka) + L(g) 


——— KI. (aq) 
Mw KI= 166 
Mw KI, = 420 
1.326 l 
Moles at — 0 0 
166 
1=0 
1.326 0.105 
Moles at ES d 0.0025 nac: 
166 — 420 420 
equilibrium 
= 7.738 x 10? 0.0025 25104 
x -R _ 235x107 
^ [KH] 7.738« 107 
(C^ Volume of solution = 1 L) 
= 0.032 


The free iodine should be in solid state because of the 


With Kl(aq) which is in excess. 


dissolved iodine 


Sulphide ions in alk 


aline solution react with solid sulphur to 


form polyvalent sulphide i ions, Thee 
formation of S,? and S. from S 
respectively. C alculate 
of S," from S,? ands. 


HSol. | Given 


quilibrium constant for the 
S and S* ions is 1.7 and 5. 3 
equilibrium constant for the formation 


S(s) + S?- — 5.2 


2S(s) + S?- S2 


y N 
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2- , 
= 5 1 = 1.7 - 
^ [$7] 
= B, ] J = 5.3 (i) 
C) [S] 
Now for S,?+S(s) == S,7 
[^] 
© [$7] 


When NO and NO, are mixed, the following equilibria are 
readily obtained; 


2NO, ==> ANO}; K,- 6.8 atm ! 
NO + NO, —— N,0, 
In an experiment when NO and NO, are mixed in the ratio of 


1:2, the final total pressure was 5.05 atm and the partial pressure 
of NO, was 1.7 atm. Calculate 


a. the equilibrium partial pressure of NO. 


b. K, for NO + NO, =— N,0,. 


IES ror 1 equilibrium 2NO, —= N,O, 
P! 
K, =— 2 =6.8 (i) 
(Pio) 


Fo, =1.7 atm 


-. By equation (i), Rio, =0.5 atm 
The equilibria is maintained using NO and NO, in the ratio 


1:2. 

For II equilibrium NO + NO, == N,O, 
Initial pressures P 2P 0 
Pressures at equilibrium (P-x) (2P-x-3.4) x 


3.4 atm of NO, is used for I equilibrium to have 
Fio, =1.7 atm 


At equilibrium (P-x) 0.5 x 


(s Pho, is same for both the equilibria since both reactions 
are at equilibrium at a time) 
Total pressure at equilibrium (Given 5.05 atm) 
= Fro + Fro, + Fjo, + Poo, 
=p-x+0.5+x+1.7 
. 5.05=P+2.20 
n P=5.05 -2.20 
— p=2.85 atm 
~ 2P-x-3.4=0.5 
2 x2.85-x-3.4=0.5 
~ x= 5.70 -3.90 = 1.80 atm 


P'uo = 2.85 — 1.80 = 1.05 atm 
Now K, for NO + NO, == N,O, 


K o Mmo 180 
pP P'o x Pio, 1.05 x 0.5 


|, and O, combine at a given temperature to produce NO, a 


N pag 
equilibrium the yield of NO is ‘x’ percent by volume. If y = 


[Ka'b PACEA where K is the equilibrium constant of 
4 


the given reaction at the given temperature and a and b are the 
volume percentage of N, and O,, respectively, in the initial state, 
Report the maximum value of K at which X is maximum. 


- 343 atm ! 


Sol, | N, + 0, == 2NO 
Initial volume % a b 0 
Final volume % x 
K(a + b) 
Also x = JKa.b a B (i) 
The x is maximum only when condition of maximum is 
fulfilled, 


i.e., dx/5a and 5x/5b = 0 


By partial differentiation of x with respect to a keeping 5 
constant. 


From equation (i) 
C — - (i) 
0a 2JK-a:b 4 Wa 4 T 
By partial differentiation of x wrt b keeping a constant 
From equation (i) 
Ae E E M (i 
6b 2/K-ab 4 2b 4 T 
By equation (ii), Kab = 4b2 
By equation (3), Kab = 4g? 

a=b 


Note: Also this is valid only when K< 4, because if a = b, 
Equation (i) yields 


x= V Ka’ x d 24 


If x is (^ve) VK > K/20r 4K > K? 
or K(4—K)>Oor0<K<4 


A vessel at 1000 K cont 
Some of the CO, is conv 
Calculate the value of K,i 


| Sol. | COx(g) + C(s) —= 2cO(g) 


Initial pressure 0.5 


ains CO, with a pressure of 0.5 atm. 
erted into CO on addition of graphite. 
f total pressure at equilibrium is 0.8 atm. 


0 0 


Final pressure (0.5 — P) 0 2P 


Ag 


0.5 
. p-03 atm 


Therefore. final partial pressures at equilibrium are 


ps 205 0.3=0.2 atm 
Co? 


Py = 2P = 2(0.3) = 0.6 atm 


(Poo _ (0.6) 
E ga 5H 
I Fo. 0.2 


forthe reaction Ag(CN)," == Ag? + 2CN)°, the K. at 25°C 
TE 10-'* Calculate [Agf] in solution which was originally 0.1 
Win KCN and 0.03 M in AgNO.. 


‘Sak 2KCN + AgNO; —> Ag(CN), +KNO, + K® 


0.1 0.03 0 


0 0 
0.10.06) 0 0.03 0.03 0.03 
_[Ag(CN), =] = 0.03 M 
Now use Ag(CN), === Ag® + 2CN 
0.03 i 0 0.04 
(0.03 — a) a 0.04 — a 


Since K. is too small and dissociation of Ag(CN),' is very 
less and thus, 


0.04 — a = 0.04 and 0.03 — a = 0.03 
Ag(CN),- = 0.03; [Ag®] = a; [CN^] = 0.04 


^ 


Now, K, = [AB MCN T. a x (0.04) 
|». [Ag(CN), ] 0.03 
.a-7.5» 10718 


46^ — 77.77 kJ mol"! at 1000 K for the reaction 1/2N,(g) + 

204g) —— NO(g). What is the partial pressure of NO under 
“guilibrium at 1000 K for air at 1 atm pressure containing 80% 
^. and 20% O, by volume. 


a ^G = -2.303 RT log K 
77 


7.77 7 10* = -2.303 7 8.314 ^ 1000 log K 
K, - 8.67 » 105 


I2N, + 120, —— NO 
a! pressure 1E 02 T 
Fina prc urc GK /2) (0,2 (2) \ 
[ v. "[O. | : 


^ 867 4107 = —_____, — 
(0.8 —x 12)" (0.2 — x) 


* 2 3.47 » 10-5 atm 


A “aturated a 
of 759.5 m 
Me(OH),, 


queous solution of Mg(OH), has a vapour pressure 
m at 373 K. Calculate the solubility product ol 
(Assume molarity equals molality). 
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BD, : 789.5 mm, P, ,, = 760 mm at 373K 


“AP = p- Pio -0.5 


Apip = 0.5/760 = x, = 6.5 » 10-4 


We know, 
moles of solute 
Molality (m) = = eae 
Volume of solvent (kg) 
x,*1000 (6.5710 * 41000 
]———————--— —— 
kx Mw, (1-65 710 ^ 7 18 


= 0.036 


Mg(OH), —— Mg?^ + 20H 
i= 3 (Assuming 100% ionisation) 
Solubility (5) = m/i 
S = 0.036/3 = 0.012 M 
Kop = 49 24 7 (0.012) = 6.8 » 10 


For the reaction CaCO,(s) CaO(s) + CO,(g). "m 1.16 
atm at 800°C. If 20.0 g of CaCO, was put in to 10 L container and 


heated to 800°C, what percentage of the CaCO, would remain 
unreacted at equilibrium. 


NSO CaCO(s) —= Ca0(s) + CO.(g) 
K, = Peo, =1.16 atm 


PV 1.16 atm x 10.0 L 
n(CO,) = — = ara oe EES 
<- RT (0.0821 L atm mol K (1073 K 
= 0.132 mol 
Moles of CaCO, initially present = 20 100 = 0.2 mol 
0.132 


% of dissociation of CaCO, = 


PAD > 
x LOU = 66 j 


% of CaCO, left = 100 — 66 = 3 


Consider the reaction: 


A(g) = B(g) - Cig) 
When the system is at equilibrium at 200°C. the concentra-tions 
are found to be: 

[A] = 0.20 M, [B] = 0.30 M. [C] * 0.30 M 
a. It the volume of the container is suddenly doubled at 
200°C, find the equilibrium concentrations 


b. 


If the volume of the conuuner is suddenly halved (instead 
of being doubled in part (i) at 200°C 
concentrations 


Sol. i= A 
A equilibrium 0? 
(0.9(03) 9 


Ü £0 


. find the equilibrium 


A 


a When volume is doubled (1e. -> 21) 
d OAR) - 0.15 EC] 
(015)(01S8) 9 
() sO SK 
Ü | 40 : 


Reaction goes forward 
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9 (0.15 x) (0.15 + x) 


e 20. (0.1 — x) 
Solve for x, x «0.03 
[A] = 0.1 — 0.03 = 0.07 M 
[B] = [C] = 0.15 + 0.03 = 0.18M 
b. When volume is halved (i.e. V > V/2) 
— [A] = 0.4, [B] = [C] = 0.6 
0.6x 0.6 _ 
<c = Q4 . = 
Reaction goes backward. 
9 (0.6-x) 


20 (0.4+x) 


9 j 
— >Q. > K. 
10 Q. 


Solve for x, x 0.12 
[A] =0.4+0.12=0.16M 
[B] = [C] = 0.6 - 0.12 = 0.48 M 


Calculate the equilibrium constant for the reaction: 
H.(g) + CO4(g) ——— H,O(g) + CO(g) at 1395 K if equilibrium 
constant at 1395 K are the following: 

2H,O(g) —— 2H, + O,(g); K, = 2.1 x 1:3 


2CO,(g) == 2CO(g) + 0,(g); K, = 1.4 x 10°? 


BUB K = (KJK)'? = (14 x 107/2.1 x 1071/2 
= (20/3)? = 2.58 


Calculate the total pressure developed in a vessel containing a 
mixture of three parts H, and one part of N, to give a mixture 
containing 10% ammonia (by moles) at equilibrium at 450°C. 


K, for N, + 3H, —9 2NH, is 1.6 x 10~ atm units at 450°C 


Sol. N, + 3H, == ONE 


l—x 3—3x 2x 
Total moles = 4 — 2x 
2x 10 02. 2 
H, = =— m». = —— = — 
No q0 7 ^. T 
ti .(0-x), 0.9P 33^ 937 
| M 4-2x — 4 Pn gly A 
Pug, =g 5: P7 01P 
(0.1 Py 


——————— =» P «90 
"^ (0.9 P/4)(2.7 PJ4yf 3, 


=> P= 30.03 atm 


| A container of volume V L contains an equilibrium mixture that 
consists of 2 mol each of gaseous PEI, PCI, and CI 
and T K. Some Cl, is added until the volume is double keeping 


P and T constant. Calculate moles of CL added and K. for 
PCI, —> PCI, + Cl, , 


> at 3 atm 


| Sol. PCL CES PCl, 


2 2 
Total moles = 2+ 2*2-76 
=2 x 3/6= l, Ppci, 7 L, Ppci, =! 


2 P=3.0 atm 


Pret, 
K, -O0 - | atm 

When volume is double (i.e., V — 2V) at constant 
P and T, total moles become = 12. 


If volume is doubled, reaction will more backward at 


constant P and 7. 


PCI, ==> PCI, + Cl, (Letx mole of Cl, is added) 


2 2 2+x (Let y mole of PCI. is formed) 
2+y 2p» (2+x)-y 
(2+ y) _(2-Yy) 
Pp, 77713 * > Pech, 77715 x3 
(2+x)-y 
Gb. ^ 12 x3 
(2-5) x3. ear 4 
Gat LO. I. (i 
P cnm 
12 
Also2+y+2-y+(2+x)-y=12 (ii) 


From equations (1) and (ii). solve, v = 2/3, x = 20/3 


Consider t e fo owing equilibrium: 
SEE — — 50. 349. 
8.0 g of SO, are put in a container at 600°C. The equilibrium 
pressure and density are 1.8 atm and 1.6 g L~}, respectively. 
a. Find the value of Kp 


b. Also find the moles of helium that is to be added 


at equilibrium to double the pressure at constant 
temperature. 


ISD Weight of SO, taken = 8.0 g 
Molecular weight of SO, = 80 g/mol 


<. mole of SO, = M = 0.1 mol 
SUL == SO, + 1/20, 
0.1 —x X 

PV — nRT or PM = dRT 

Total moles = 0.1 + 4/2 

= My — ERT | 1.6 x 0.0821 x 873 B 


x/? 


P F 63.6 
nM, =n,M,; nm M, 
did ins 
= 01 M, 636 


ae esd93022925:1!,L,.,.,0L.LOG11,,CóOlL 


á l x/2 | ( xp 
0.14 x/2 0.14 x/2 


K,= — = 0.61 
p (e x 2 
0.1- x/2 | 
(p= 1.8 atm) 
p. n,= 0.1 x/2 


To double pressure by adding inert gas at constant 
T double moles at equilibrium => n,= 2(0.1 + x/2) 


> ny, added = 0.1 + x/2 = 0.1 + (0.05/2) = 0.125 


pa O.(g)is heated it dissociates to give N,O, and O}. K, for 


when No 

\.0.—? N-O; tO; is 7.75 and K, for NO, —9 N,O + O, 
15^ E n y ‘ 
<40mol L .. (both K, are at same temperature) 4 mol N,O, in 


0L vessel is kept at a certain temperature. The concentration 
fO, was 4.5 mol L-!. Find the concentration of N,O,, N,O3, 
and N,O at equilibrium. 


N,O, <== N,0, + 05; K, - 7.75 


bs x x 


N,Q, —2 NO +O; K, =4 


I x 0 " 
x—y y xty 
. x*ty- [05] 7 45 
From I, K, = [N203][02] 
[N,05] 
475 DOOI _ @-y) G9) 
[N;O;] 4-x 
fromm, x, =N20MO2] , 2*0» 
[N50] Xy 


Solve to find x and y [x = 3.06, y = 1.44]. 


For a reversible reaction: X + 2Y —> 22Z, the equilibrium 
concentrations of X, Y and Z are 0.32, 0.40 and 0.35 moles L~! 
espectively at 25°C. 

a. If initially the system contained only X and Y and then 
reached the state of equilibrium, what were the initial 
concentrations of X and Y. 

b. If at the start only X and Z were present, what were the 
initial concentrations? 


Sol X 4 2y e 22 
0.32 0.4 0.35 M 
> K= UY 2392 
[X ][Y] 
» XY + 2Y sz 2 
a b = 
a-x b-2x 2x 
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— 2x = 0.35 > x= 0.175 
=> a = [X] =x + 0.32 = 0.495 M 
b= [Y] = 2x + 0.4 = 0.75 M 
b. Since we start with X and Z 
— ‘Z’ will decomposes to produce AET. 
27 — X + 2Y 


p q 
P-y q+yl2 y 


P=[Z]=0.35+y=075M 
q = [X] = 0.33 - y/2 = 0.12 M 


= y=04M 


sure conditions CuSO,5H;O be efforescent 


Under what pres 
O,4,3H,0 at the same 


at 35°C. How good a drying agent is CuS 
temperature? Given 

CuSO,5H,0(s) == CuSO, 3H,O(s) + 2H,O(v) 
K = 1.268 x 10? atm? at 35°C. Vapour pressure of water at 
35°C is 25.0 mm Hg. 


| Sol.) An efforescent salt is one that loses H,O to atmosphere 
for the reaction, 
CuSO,:5H,O(s) —— CuSO,3H,O0(s) + 2H,O(v) 
' - -3 
E (Pho) = 1.268 x10 


bg Po — 0.0356 atm — 27.0 mm Hg 


-- Given Pio at 35°C, (i.e., 25.0 mm Hg) < 27.0 mm Hg 
and thus, reaction will proceed in forward direction. i.e.. 
CuSO,5H,O(s) == CuSO,3H,O0(s) + 2H,O(v) 

Thus, CuSO,°5H,O will acts as efflorescent 


Under what pressure conditions CuSO,5H,O be efforescent 
at 25°C. How good a drying agent is CuSO,-3H,O at the same 
temperature? Given 

CuSO, 5H,O(s) === CuSO,3H,O(s) + 2H,O(v) 
K = 1.086 x 10% atm? at 35°C. Vapour pressure of water at 
25?C is 23.8 mm of Hg. 


| Sol. ) An efforescent salt is one that loses H,O to atmosphere 
for the reaction, ! 
CuSO,°5H,O(s) == CuSO,3H,O0(s) + 2H,O(v) 
K, = (Pino)? 21.086 x 104 
^ Pino = 1.042 x 10? atm = 7.92 mm 
w Given Pho at 25°C, (i.e., 23.8 mm Hg) < 7.92 mm and 
thus, reaction will proceed in forward direction, i.e., 
CuSO5 5H,O(s) ——— CuSO,.3H,O(s) + 2H,O(v) 
Thus, CuSO,:5H,O will acts as efflorescent but on the 
contrary CuSO,°3H,O will absorb moisture from the 
atmosphere under given conditions. The salt CuSO,-5H,O 
will effloresce only on a dry day when the aqueous tension or 
partial pressure of moisture in the air is lesser than 7.92 mm 


. . . 7 
of relative humidity of air at 25°C = E = 0.333 or 33.3% 
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derive which of the following reactant 


From the data given below 
is most effective drying agent 
at 0?C. 

i. SrCL6H,0 (3) c Srl, 


at 0°C. Given Bio = 4,58 mm 


2H,0(5) + 4H,0(8); 

"H7 x 107 atm? 
P 

(9) + 10H, 0(8); 

v 0g X0 e atm!” 
P 

HPO -7H,0(s) + 5H,0(8); 
K = 525x 10-3 atm? 


po 


ii. Na,SO,10H,0(s) == Na,S0 


iii. Na,HPO 12H50) == Na, 


WSOP For (i) K, = Piao) 
© P o= {Kp 2469x107 = 1.62» 10? atm 


ae ro D 
For (ii) K, = (Pao) 


P er wa 08 x 1075 = 3.64 x 107 atm 


For (iii) K, = (Pu, o 


rm SK, -i525x10 7 93.5 x 10° atm 


All these reactant can be used as drying agent since 
their P, o is lesser than V.P. of H,O in atmosphere, L.e., 
4.58 mm or 6.02 x 10? atm. The efficiency order is 


SrCl, 6H,0 > Na,HPO :12H,O > Na,SO,10H,0 


Following two equilibria are established on mixing two gases 
A, and C. 

i 3A,(g) == Adeg) 

ii, A.(g) + C(g) === A,C(g) 
If A, and C are mixed in 2 : 1 molar, ratio, calculate the 
equilibrium partial pressures of A,, C, A,C and K, for the 
reaction (ii). Given that the total pressure to be 1.4 atm and 
partial pressure of A, to be 0.2 atm at equilibrium 


ie d] 
K, 1.6 atm 


3AX(g) Ns A«(g) 


Also pressure of A., used for the formation of A, — 0.6 atm 


For Ag) + C(g === A,C(g) 
1=0 2P P E 

At Eq 2P- P' -0.6 p-p p 
Also for SA) wu Ag) 


t=0 2P 0) 
At Eq 2P- P' - 0.6 0.2 
(since Pa, at equilibrium is 0.5 for simultaneous equilibria) 
Also pressure of A,+C+A,C + Ag 

= (2P — P'-0.6) +(P_ p +P'+02= 
0.5+P+0.2=1.4 bib 
P — 0.7 atm 


+, 2P - P - 0.6 = 0.5 
P P' = J X 0.7 = 0.6 E 0.5 
P' = 0.3 atm 

P, — 0.5 atm, Pc 


Also K, for A,(g) + C(g) 


= 0.7 - 0.3 = 0.4 atm, Pac = 0.3 atm 


uet A,C (g) 


K uc 1S atm 
p Ps x Po 0.5x0 
| mol of A in 1 litre vessel maintained at constant T shows the 
equilibrium 
A(g) == B(g) + 2C(g) Kc. 
C(g) —— 2D(g) + 3B(g) Ko, 


PER LR oe 
If the equilibrium pressure 1$ A times of initial pressure and 


= A Na Calculate Ko and Ke. 


"SU A(g) — B(g)*2C(g)and C = 2D + 5B(g) 
0 


] 0 
l-a (a+3b) 2a- b 2a—b 2b  (a-3b) 
-. X mole at equilibrium = 1 —a + a + 3b -2a-b 2b 
=2a+4b+1 
Now, Pinitiat © | 


Pi. % 2a+ 46+ | 
13 
ee 2at+ 4b+ 1 = — 


7 
or 2a + 4b = - (i) 
6 
Also[C a A 
so[ ]a7 ril m 


22a -9b-4 ...(10) 
By equations (i) and (ii) a = 0.25, b = 0.167 
[B]CT _ (a + 35) Qa - bY 


= ———— 


^ — [4] (l-a) 
_ [0.25 + (3 x 0.167)] [0.5 — 0.167] 
(I — 0.25) S 
» [DY [BP _ Q5 (a « 3by 
2 [C] (2a — b) 
_ [2 x 0.167] [0.25 + (3 x 0167F 
=0.142 


[0.5 — 0.167] 


TA NE 4 N)O,(g) at 100 K is kept in a closed container at 
‘V atm pressure. It is heated to 400 K, where 30% by mass of 
N5O, (g) decomposes to NO,(g). The resultant pressure will be 
2.42 b. 5.2 c. 32 d. 6.2 
b. Since volume is constant. Therefore on increasing the 
temperature four times, Pressure becomes four times 


i) 


~p=4atm 
Decomposition of N,O, 30% by man a 30% by mole 
30 
‘a= = 0.3 
100 
N,0, ==  2NO, 
initial À y 
t equilibrium 1-03 2x03 


- 0.7 = 0.6 


Total moles = 0.7+06=13 
Initial pressure after 


Initial mole |. change of temperature 


Moles àt equilibrium = Equilibrium pressure 
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Alternate method: 
TP - DF 
Dh 
E 100 x P, — 400 x | 
g 400 x | 
= P, = 5.) atm 
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| i Exercises 


Fate SS du 


Single Correct Answer Type Il 


1. 


ad 


pl 


Un 


Physical Chemistry 


In the dissociation of PCI; as 
PCL.(g rg PCL) Cl,(g) 


P "4scenro P 
if the degree of dissociation is a at equilibrium pressure P, 
then the equilibrium constant for the reaction ts 


i ee (2) K, - P. 

P l+aP l-a 

p? = aP 

3) K, = : 4) t= ; 
l-a“ 


Fọr a hypothetical reaction of the kind 


l 


More 4B, could be produced at equilibrium by 
(1) Using a catalyst (2) Removing some of B, 
(3) Increasing the temperature (4) Increasing the pressure 


. The equilibrium constant for a reaction, 


A+B == C+ Dis 1.0 x 107 at 298 and is 2.0 at 373 K. 
The chemical process resulting in the formation of C and D 
is 

(1) Exothermic 
(3) Unpredictable 


(2) Endothermic 
(4) None 


. The solubility of CO, in water increases with 


(1) Increase in temperature (2) Reduction of gas pressure 


(3) Increase in gas pressure (4) Increase in volume 


. The equilibrium constant for a reaction 


A —2B = 2Cis 40. The equilibrium constant for reaction 
C ==> B+1/2A is 


(1)1/40 — (2) (1/40)"2_ (3) (1/409 (4) 40 


. Inert gas has been added to the following equilibrium system 


at constant volume 
SO,(g) + 1/20,(g) —— SO,(g) 


To which direction will the equilibrium shift? 


(1) Forward (2) Backward 
(3) No effect (4) Unpredictable 
. The equilibrium constant K for the reaction: 


2HI(g) H.(g) + J,(g) at room temp is 2.85 and that at 
698 K is 1.47 10-2. This implies that the forward reaction is 


(1) Exothermic (2) Endothermic 


(3) Exergonic (4) Unpredictable 


. The decomposition of NO, to NO, is carried out at 280°C 
in chloroform. When equilibrium is reached, 0.2 mol of 


N,O, and 2 x 10 3 mol of NO, are present in a 2L solution. 
The equilibrium constant for the reaction 


N,O, <= 2NO, IS 


(1)1x10? (22x10? (3)1x105 (4)2x105 


10. 


12. 


13. 


14. 


16. 


18. 


. For the reaction N,O,(g) === 2NO,(g), the degree of 


dissociation at equilibrium is 0.2 at 1 atm pressure, The 
equilibrium constant K, will be 

(1) 1/2 (2) 1/4 (3) 1/6 (4) 1/8 

4 mol of carbon dioxide was heated in 1 dm? vessel under 
conditions which produced at equilibrium 25% dissociation 
into carbon monoxide and oxygen. The number of moles of 
carbon monoxide produced 
(1) 0.5 (2) 1.0 


(3) 2.0 (4) 4.0 


. | mol of N, is mixed with 3 mol of H, in a litre container, If 


50% of N, is converted into ammonia by the reaction N.(g) 
+ 3H,(g) ——— _ 2NH,(g), then the total number of moles 
of gas at the enitilibeum are 
(1)1.5 (2) 4.5 (3) 3.0 (4) 6.0 
The equilibrium constant of a reaction is 300, if the volume of 
the reaction flask is tripled, the equilibrium constant will be 

(1) 100 (2) 300 (3) 250 (4) 150 


For a reaction: H,(g) + L(g) —— 2HI(g) at certain 
temperature, the value of equilibrium constant is 50. If the 
volume of the vessel is reduced to half of its original volume. 
the value of new equilibrium constant will be 

(1) 25 (2) 50 

(3) 100 (4) Unpredictable 


The system PCl;,(g) ==> PCl (g) + Cl,(g) attains 
equilibrium. If the equilibrium concentration of PC L(g 
doubled, the concentration of Cl,(g) would become 

(1) 1/4 its original value 
(3) Twice its original value 


(2) 1/2 its original value 
(4) Unpredictable 


. XY, dissociates XY,(g) === XY(g) + Y(g). When the inital 


pressure of XY, is 600 mm Hg, the total equilibrium pressure 
is 800 mm Hg. Calculate K for the reaction. Assuming that 
the volume of the system remains unchanged. 

(1) 50.0 (2) 100.0 (3) 166.6 (4) 400.0 
Consider the reaction 


A(g) + B(g) == C(g) + D(g) 
Which occurs in one step The specific rate constant are 0.25 
and 5000 for the forward and reverse reaction, respectively. 
The equilibrium constant is 
(1) 2.0 x 107 
(3) 5.0 x 105 


(2) 4.0 x 10° 
(4) 2.5 x 10° 


. For the equilibrium system 


2HX(g) ee H,(g) + X,(g) 
the equilibrium constant is 1.0 x 10 5, What is the 
concentration of HX if the equilibrium concentration of Ha 
and X, are 1.2 x 10 °M, and 1.2 x 10 M respectively? 
(D) 12x 107M (2) 12 x 103M 
(3)12* 10? M (4) 12 x 107! M 
In alkaline solution, the following equilibria exist 
(1) S% + S—o S,* equilibrium constant K, 


Chemical Equilibrium 7.73 


~ + S—> S4* equilibrium constant K, 
, and K, have values 12 and 11, respectively. 


k |» § + 2S. What is equilibrium constant for the 
action 

" 132 (2) 7.58 x 10^? 

E 1.09 (4) 0.918 


en the equilibrium constants 
HeCl® + CI? —9 HgCl,, K, =3 x 10° 
HgCl, + Clk — HgCl, . K, -89 
The equilibrium constant for the disproportionation 


p ON 


equilibrium 

2HgCl — HgCI? + HgCl,° is 
i33 ~ 105 (2)3 x 105 
3) 3.3 10° (4) 3 x 10° 


y), When the reaction, 2NO,(g) == N,0,(g) reaches 
equilibrium at 298 K. The partial pressure of NO, and 
NO, are 0.2 KPa and 0.4 KPa, respectively. What is the 
equilibrium constant K, of the above reaction at 298 K? 


(1) 0.1 (2) 0.5 (3) 1.0 (4) 10 

1], The vapour density of a mixture consisting of NO, and 
N,O 418 38.3 at 275 K. The number of moles of NO, in the 
mixture: 
(1) 0.2 (2) 0.4 (3) 0.8 (4) 1.6 

1, In the problem number 21, the number of mole of N,O, in 
100 g of the mixture is: 
(1) 0.43 (2) 0.86 (3) 0.57 (4) 0.2 

13, One mole of SO, was placed ina litre reaction flask at a given 
temperature when the reaction equilibrium was established 
in the reaction. 


280, —— 280, + O, the vessel was found to contain 0.6 
mol of SO,. The value of the equilibrium constant is 


(0036 (2) 0.675  (3)045 (4) 0.54 


A. The equilibrium constant for the reaction w + x ==> 
;-zis 9. If one mole of each of w and x are mixed and 
there is no change in volume, the number of moles of y for 
formed is 


(1)0.10 (2) 0.50 (3) 0.75 (4) 0.54 
5. In the gaseous equilibrium 
A+2B =— C+ Heat, the forward reaction is favoured: 


1) Low P, High T (2) Low P, Low T 
(3) High P, Low T (4) High P, High 7 

26. The active mass of 64 g of HI in a 2-L flask would be 
(1)2 (2) 1 (3)5 (4) 0.25 

n For N, - 3H, === 2NH, + Heat 
(DK, =K, (2) K, =K RT 
8) K, =K (aT)? (4) K, = K, (RT) | 

s For the reaction, H,(g) + L(g) —— 2H(g), the equilibrium 

Constant K changes with 


(1) Total pressure 


29, 


30. 


32. 


33. 


34. 


35. 


(2) Catalyst 

(3) The amounts of H, and I, present 

(4) Temperature 

The equilibrium constant K for the reaction 2HI(g) 
H,(g) + 1,(g) at room temperature is 2.85 and that at 


698 K is 1.4 x 10 2. This implies 
(1) HI is exothermic compound. 


(2) HI is very stable at room temperature. 


—— 
——— 


(3) HI is relatively less stable than H, and Í. 
(4) HI is resonance stabilised. 
K, and K, are equilibrium constants for reaction 
(i) and (11) 
N,(g) + O(g) ex JNO) (i) 


NO(g) === V2N;(g) + /205(g) Ail) 
Then, 
(1) K= (/K,y° (2) K =K? 
(3) K,=1/K, (4) K,=(K,)° 


. The equilibrium constant K for a homogeneous gaseous 


reaction is 108. The standard Gibbs free energy change 
AG? for the reaction (using R = 2 cal K! mol!) is 
(1) 10.98 kcal (2) -1.8 kcal 
(3) 4.1454 kcal (4) +4.1454 kcal 
Which of the following will not change the concentration 
of ammonia in the equilibrium 
N,(g) + 3H,(g) ——— 2NH,(g); AH = — kJ 
(1) increase of pressure 
(2) increase of temperature 
(3) decrease of volume 
(4) addition of catalyst 


In a chemical reaction, equilibrium is said to have been 
established when the 


(1) Concentration of reactants and products are equal. 
(2) Opposing reaction ceases. 

(3) Velocities of opposing reaction become equal. 

(4) Temperature of opposing reaction are equal. 

In a chemical reaction 

N, +3H, == 2NH,, at equilibrium point 

(1) Equal volumes of N, and H, are reacting. 

(2) Equal masses of N, and H, are reacting. 

(3) The reaction has stopped. 


(4) The same amount of ammonia is formed as is decomposed 
into N, and H. 


Phe equilibrium constant in a reversible reaction at a given 
temperature which 
(1) Depends on initial concentration, of the reactants. 


9 EJ > " M E 
(2) Depends on the concentration of the products at 
equilibrium. 
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Lii 2 44. At certain temperature 50% of HI is dissociated into H, and 


(3) Does not depend on the initial concentration. 
(4) It is not characteristic of the reaction. 

36. According to Le Chatelier ’s principle, adding heat to a solid 
and liquid in equilibrium will cause the 
(1) Amount of solid to decrease. 
(2) Amount of liquid to decrease. 
(3) Temperature to rise. 
(4) Temperature to fall. 

37. In the formation of nitric acid, N, and O, are made to 
combine. Thus, N, + O, ==> 2NO + Heat which of the 
following condition will favour the formation of NO? 


(1) low temperature (2) high temperature 


(3) freezing point (4) all are favourable 
38. Which of the following factors will favour the reverse 
reaction in a chemical equilibrium? 
(1) increase in concentration of one of the reactants 
2) increase in concentration of one of the products 
(3) removal of one of the products regularly 
(4) none of these 


39. For the system A(g) + 2B(g) ===> C(g) the equilibrium 
concentration is 


A — 0.06 mol L-!; B= 0.12 mol L^! 
C 7 0.216 mol L` The K „q for the reaction is 
(1) 250 (2) 416 (334x102 (4) 125 
40. 4 moles of A are mixed with 4 moles of B, when 2 moles 
of C are formed at equilibrium according to the reaction 
ABE C+D; 
The value of equilibrium constant is 
(1)4 (2) 1 (3) 1/2 (4) 1/4 


41. CaCO,(s) ——— CaO(s) + CO,(g) in closed container at 
equilibrium. What would be the effect of addition of CaCO, 
on the equilibrium concentration of CO,. 


(1) Increases (2) Decreases 


(3) Data is not sufficient (4) Remains unaffected 


42. The equilibrium constant for a reaction 
N.(g) + O,(g) = 2NO(g) is 4x 104 at 2000 K. In the presence 
of catalyst, the equilibrium constant is attained 10 times 


faster. The equilibrium constant in the presence of catalyst, 
at 2000 K is 


(1) 40 x 10% 
(3)4 x 10% - 


(2)4 x 104 


(4) incomplete data 
43. In which of the following reaction, the yield of the products 
does not increase by increase in the pressure? 


(1) N,(g) + O,(g) = ZNO(g) 
(2) 2SO,(g) + O,(g) = 2SO,(g) 
(3) N,(g) + 3H,(g) = 2NH,(g) 
(4) PCl(g) + CL(g) = PCls(g) 


45. 


46. 


47. 


48. 


49. 


L, the equilibrium constant is 
(1) 1.0 (2) 3.0 
(3) 0.5 (4) 0.25 


For a reaction A(g) ===> B(g) + C(g). K, at 400°C is 
1.5 x 10-4 and K, at 600°C is 6 x 102. Which statement 
is incorrect? 

(1) The reaction is exothermic. 

(2) Increase in temperature increases the formation of B, 
(3) Increase in pressure increases the formation of A. 


(4) Decrease in temperature and increase in pressure shift 
the equilibrium towards left. 


8 mol of a gas AB, are introduced into a 1.0 dm? vessel. It 
dissociates as 2AB,(g) ==> A,(g) + 38,8) 
At equilibrium, 2 mol of A, is found to be present. The 
equilibrium constant for the reaction is 
(1) 2 mol? L? (2) 3 mol? L? 
(3) 27 mol? L? (4) 36 mol? L? 
| mol of XY(g) and 0.2 mol of Y(g) are mixed in 1 L vessel. 
At equilibrium, 0.6 mol of Y(g) is present. The value of K 
for the reaction 
XY(g) == X(g) + Y(g) is 

(1) 0.04 mol L~! (2) 0.06 mol L^! 
(3) 0.36 mol L^! (4) 0.40 mol L7! 
How will the lowering of temperature affect the chemical 
equilibrium in the system 

2NO + O, ——2 2NO,, AH « 0 


(1) Relative concentration of products and reactants does 
not change. 


(2) Relative concentration of products and reactants change. 
(3) Equilibrium is shifted to the left. 

(4) Equilibrium is shifted to the right. 

For the reaction N,O,(g) == 2NO,(g), the value of K, 


is 1.7 x 10? at 500 K and 1.7 x 10? at 600 K. Which of the 
following is/are correct? 


(1) The proportions of NO, in the equilibrium mixture is 
increased by decrease in pressure. 


(2) The standard enthalpy change for the forward reaction 
is negative. 


(3) Units of K, are atm. 


(4) At 500 K the degree of dissociation of NO 4 decreases 
by 50% by increasing the pressure by 100%. 


. At equilibrium X + Y =~ 3Z, 1 mol of X, 2 mol of 


Y and 4 mol of Z are contained in a 3-L vessel. Among the 
given values of reaction coefficient Q, given at three different 
instants, which value refers to system at equilibrium? 


oo qu —— 


i (1) 10 


what concentration of CO, be in equilibrium with 0.025 M 
sl. coat | 20°C for the reaction 


FeQ(s) + COl) == Fe(s) + CO,(g) 
if the value of K, = 5.0? 
(0.125 M (2) 0.0125 M 
()125M (4) 12.5 M 


Which of the following reactions will not be affected by 
increasing the pressure? 


"as 
~ 
- 


(1) PClig) == PCl(g) + Clg) 
DNL + Og) == 2NO(g) 

3) CaCO,(s) == CaO(s) + CO,(g) 

4) CO(g) + H,O(g) = CO,,(g) + H, (g) 


3, For the reaction 


a 
D 


CO(g) + H,O(g) ——— CO,(g) + H, (g) 


at a given temperature, the equilibrium amount of 
CO.(g) can be increased by 


(1) Adding a suitable catalyst 

2) Adding an inert gas 

3) Decreasing the volume of the container 

4) Increasing the amount of CO(g) 

X. For the chemical reaction 
3X(g) + Y(g) —— X Ye) 

The amount of X,Y at equilibrium is affected by 
|) Temperature and pressure 

-) Temperature only 

3) Pressure only 


+) Temperature, pressure, and catalyst 


tre 
t^t 


. When two reactants 4 and B are mixed to give products C 


and D, the reaction quotient Q at the initial stages of the 
reaction 


(1) Is zero 

(9 De ý a : A 

4) Decreases with time 
(5) Is independent of time 


(4) Increases with time 


cn 
c 
` 


A constant temperature, the equilibrium constant (K) for 
the decomposition reaction NO, - 2NO, is expressed 
by KE, = (Ax^p)((1 x?), where p = pressure and x — extent 
or decomposition. Which one of the following statements 
1S true? 


(1) K increases with increase in p 
2 : PES , 

(2) K increases with increase in x 
(3) K, increases with decrease in x 


(4) K, remains constant with change in p and x. 


A 


1. For the reaction N,O,(g) c2 2NO,(g), which of the 


following factors will have no cffect on the value of 
equilibrium constant? 
(1) Temperature (2) Initial concentration of N,O, 


(3) Presence of catalyst (4) Pressure 


. For the reaction H,(g) + L(g) ==> 2HI(g), the equilibrium 


can be shifted in favour of product by 
(1) Increasing the [H,] (2) Increasing the pressure 


(3) Increasing the [I] (4) By using the catalyst 


. A reaction 5,(g) == 4S«g) is carried out by taking 2 


mol of S,(g) and 0.2 mol of S,(g) is a reaction vessel of 
1 L. Which one is not correct if K, = 6.30 ” 1075 


(1) Reaction quotient is 8 * 10^ 

(2) Reaction proceed in backward direction. 
(3) Reaction proceed is forward direction 
(4) K,= 2.55 atm? 


. For the equilibrium at 298 K; N,O,(g) === 2NO-(g): 


Gy,o, = 100 kJ mol ' and Gxo, = 50 kJ mol. If 5 mol 
of NO, and 2 moles of NO, are taken initially in one litre 
container than which statement are correct. 


(1) reaction proceeds in forward direction 

(2) Kil 

(3) AG =— 0.55 KJ, AG? = 

(4) At equilibrium [N)O,] = 4.84 M and [NO,] = 0212 M 


. Which are true for the reaction: A, —— 2C - D? 


(Dif AH = 0; K, and increases with temperature and 
dissociation temperature. 


(2)if AH = +ve, K, increases with temperature and 
dissociation of A, increases. 


(3)if AH = -ve; K, decreases with temperature and 
dissociation of A, decreases. 


(4) K. = 4a? | | 
i |+ 2a | 


. van't Hoff equation is 


(1) (d/dD)ln K = -AH/RT? 2) WAT (ln A) = + AH RT? 
(3) (d/'dT) In K =-AH/RT — (A) K = 4e ERT 


. For given two equilibria attained in a container which are 


correct if degree of dissociation of A and A’ are a and a’, 
Als) === 2B() + C) Ka = 85 007 
A'(s) === 2B(g) + Dig); K,72 107 


\ 


" 
" (3a + 2 
(d) — | E at 


(Qu 2a) 


a’ 
(2) PLP" = 4 
(3) P", 2P et 2P'y 


(4)a>a' 


^ 
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8. Inareaction A»(g)* 4B, (g) 
formation of AB, is not favoured by 


10. 


Il. 


- 
Ww 


13. 


15. 


(1) Low temperature and high pt 


. The reaction which proceeds 
(1) Fe,O, + 6HCI = 2FcCI, + 3,0 
(2) NH, + H,O + NaCl = NH,CI + NaOH 
(3) Sal, + Hg,Cl, = SnCl, + 2HgCl; 


—— 2ABA(). AH « 0. The 


"'essure 


(2) High temperature and low pressure 
(3) Low temperature and low pressure 


(4) High temperature and high pressure 


in the backward direction 1s 


(4) 2Cul +1, + 4K = 2Cu** + 4K1 

For which of the following reaction, &, # K? 

(1) 2NOCI(g) — 2NOg) + CL(g) 

(3) Hg) + Cl(g) == 2HCl(g) 

(4) 2N,0,(g) == SNO.) 

Select the incorrect statements: 

(DK, or K, are dimensionless if pressure or concentration 
are expressed in standard state. 

(2) The numerical value of K, changes with experimental 
conditions, i.e., P, T, and C at which equilibrium is 
attained. 

(3) Active mass of reactant — concentration of reactant 

(4) Dissolution of NH, in water increases with increasing 
pressure. 


. For the chemical reaction 


3X(g) + Ye) =— X,Y(g) 
the amount of X,Y at equilibrium is not affected by 
(1) Temperature and pressure 
(2) Temperature only 
(3) Pressure only 
(4) Temperature, pressure, and catalyst 


When two reactants A and B are mixed to give products 
C and D, the reaction quotient, Q, at the initial stages of 
the reaction 
(1) Is zero (2) Decreases with time 


(3) Is independent of time (4) Increases with time 


. At constant temperature, the equilibrium constant (K,,) for 
2 


the decomposition reaction 
N;O, — 
K= (Ax*P)(1 — x*), where P = pressure and x = extent of 


p ^ i 
decomposition. Which one of the following statements is 


false? 


(1) K, increases with increase of P 


2NO, is expressed by 


(2) K, increases with increases of x 

(3) K, increases with decrease of x 

(4) K, remains constant with change in P and x 

Consider the following equilibrium in a closed container: 


N,O,(g) ——— 2NO,(g) 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


Ata fixed temperature, the volume of the reaction container 
ange, which of the following statement, 


is halved. For this ch 
holds false regarding the equilibrium constant (K ) ang 
degree of dissociation (a)? 
(1) neither K, nor & changes 
(2) both K, and o. change 
Q3) K, changes but o does not change 
(4) K, does not change but a changes 
Which of the following do not change the value of K for 
reaction? 
(1) Addition of catalyst 
(2) Increase in temperature 
(3) Increase in pressure 
(4) Removal of one of the products 
For which of the following reactions at equilibrium at 
constant temperature, doubling the volume will cause a shift 
to the right? 
(1) N,O,(g) == 2NO,(8) 
(2) CaCO,(s) = CaO(s) + CO,() 
(3) 2CO(g) + O(g) == 2CO;(8) 
(4) N,(g) + O(g) ==> 2NO(8) 
Unit of equilibrium constant iS: 
(1) (mol L)! ^" (2) (mol L!)^" 
(3) (atm)^" (4) All 
Which is/are correct? 
(1) 2.303 log K = —AH^?/RT + AS=/R 
(2) AG? = 2.303RT log K 
(3) -2.303 log K = —AHS/IRT? + AS=/R 
(4) 2.303 log K = (VRTY(AH- + AS?) 
For the reaction, CaCO,(s) —9 CaO(s) + CO,(g). which 
is the the correct representation? . 
(1) K, = ®co,) (2) K,=K(RD 
(3) K, = (CO,)/1 (4) None 

N, +O, == 2NO. K; 
B Nt B O, ——25 NO, K.; 

2NO == N, +O Ky 
vo = (ie (iles 

Correct relation(s) between A), K,, Ks. and A, is are 


(DR, X43 = 1 (2) JK, x K,=1 


(3) VA, x K,-l (+) None 
The rate of disappearance of A at two temperatures is given 
by A 5 B 


«| A] 
dt 
d A] 


dt 


2x 10° [A]- 4 x 102 [B] at 300 K 


-4 x I0? [A] — 16 x 107 [B] at 400 K 


g 


F 
(1) 3.86 kcal (2) 6.93 kcal 


(3) 1.68 kcal (4) 1.68 x 10 kcal 

which of the following will favour the formation of NH, 
^ by Haber's process? ` 

(1) Increase in temperature 

(2) Increase 1n pressure 

(3) Addition of catalyst 

(4) Addition of promoter 
4. which of the following will not affect the value of 


equilibrium constant of a reaction? 
(1) Change in the concentration of the reactants 
(2) Change in temperature 
(3) Change in pressure 
(4) Addition of catalyst 
95, Which of the following statements is/are wrong? 
(1) At equilibrium, concentrations of reactants and products 
become constant because the reaction stops. 
(2) Addition of catalyst speeds up the forward reaction more 
than the backward reaction. 
(3) Equilibrium constant of an exothermic reaction decreases 
with increase of temperature. 
(9K, is always greater than K,- 
26. When NaNO, is heated in a closed vessel oxygen is liberated 
and NaNO, is left behind. At equilibrium, which are correct 
(1) Addition of NaNO, favours reverse reaction. 
(2) Addition of NaNO, favours forward reaction. 
(3) Increasing temperature favours forward reaction. 


(4) Increasing pressure favours reverse reaction. 


linked Comprehension Type lil 


Paragraph 1 
i ysical and chemical equilibrium can respond to a change in their 
75sure, temperature, and concentration of reactants and products. 
^ describe the change in the equilibrium we have a principle 
Pu Le Chatelier's principle. According to this principle, even 
| "emake some changes in equilibrium, then also the system even 
“Establishes the equilibrium by undoing the effect. 
l. Consider the following equilibrium: 
ZNO, === 2NO,; AH = -ve, 
If O, is added and volume of the reaction vessel is reduced, 
the equilibrium 
(1) Shifts in the product side 
(2) Shifts in the reactant side 
(3) Cannot be predicted 
) (4) Remains unchanged 
If we add so,” ion to a saturated solution of Ag,SO m: 
Will result in a/an 
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«om the given values of heat of reaction which are incorrect. (1) Increase in Ag® concentration. 


(2) Decrease in Ag® concentration. 
(3) It will shift Ag? ions from solid Ag,SO, into solution. 


(4) It will decrease the SO, ion concentration in the 


solution. 


— 


3. In the reaction N,(g) + 3H,(g) —— 2NH,(g). If we 
increase the pressure of the system, the equilibrium is 
(1) Shifts in the product side (2) Shift in reactant side 


(3) Remains unchanged (4) Cannot be predicted 


Paragraph 2 
Consider the chemical reaction: 


Ni" (ag) + 6NH,(aq) == [Ni(NH,) (29) 


(Green solution) (Blue solution) 


When H®(aq) is added, the colour green is favoured. Use one or 
more of the following interpretations to answer the questions: 
i. Some unreacted Ni2*(aq) is present in the solution at 
equilibrium 
ii. Some unreactéd NH,(aq) is present in the solution at 
equilibrium 
iii. The colour change indicates new equilibrium condi-tions 
with reduced [Ni(NH,),]^ (aq) 
iv. Thecolour change indicates new equilibrium condi-tions 
with increased [Ni(NH,)4] (aq). 
4. The deepening of blue colour on dissolving more Ni(NO,), 
supports interpretation(s). 
(2) i and iv only 
(4) i and ii only 
/5. The deepening of blue colour on addition of more NH,(aq) 
supports interpretation(s). 


(1) i only 
(3) ii and iv only 


(1) 1 only (2) i and iv only 


(3) i and ii only (4) ii and iv only 
Paragraph 3 


One mole of NH,HS(s) was allowed to decompose in a l-L 
container at 200°C. It decomposes reversibly to NH,(g) and 
H,S(g). NH,(g) further undergoes decomposition to form N,(g) 
and H,(g). Finally, when equilibrium was set up, the ratio between 
the number of moles of NH,(g) and H,(g) was found to be 3. 


NH,HS(s) === NH,(g) + H,S(g); A. = 891 x 107 M? 


2NH,(g) ———9 N,(g) + 3H,(g): A. = 3 x 107 M? 
Answer the following: 
6. What is the mole fraction of hydrogen gas in the equilibrium 
mixture in the gas phase? 
(1) 1/4 (2) 3/4 (3) 1/8 (4) 4 
7. To attain equilibrium, how much % by weight of solid 
NHHS got dissociated? 


(1) 19% (2) 30% (3) 33% (4) 15% 
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8. Assuming the volume due to solid NH,HS is negligible 
what will be the density of the gascous mixture in the above 
equilibrium system? 


(1) 16.83 g L`! (2) 16.83 g mL”! 
(3) 18.415 g L” (4) 14.83 g L! 
Paragraph 4 


The percentage of ammonia produced from nitrogen and hydrogen 
under certain conditions of temperature and pressure Is given in 
the graph 
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Use the graph answering the following questions: 


9. What happens to the percentage of ammonia produced when 
the temperature is increased 


(1) The % is decreased (2) The 96 is increased 
(3) No effect (4) Cannot be predicted 


10. What happens to the percentage of ammonia produced when 
the pressure is increased? 


(1) The % is increased (2) The 96 is decreased 


(3) No effect (4) Cannot be predicted 
11. What conditions of pressure produce the highest percentage 
of ammonia? 
(1) At least 50 atm (2) At least 150 atm 
(3) At least 300 atm (4) At least 100 atm 
Paragraph 5 


The synthesis of ammonia is given as: 


N,(g) + 3H) (g) —— 2NH,(g); AH? = -92.6 kJ mol! 
given K, = 1.2 and temperature (T) = 375°C. 
Answer the followings: 


12. The expression of equilibrium constant is 


H.P 
ay x, - ltr] o) K -Nai 
[NH,] [NH,] 
H 5 2 
(3) K,- Hal (4) Re 
[N;][B;] [N;][H;] 
13. On increasing the temperature, the value of equilibrium 
constant K 
(1) Increases (2) Decreases 


(3) Remain unchanged (4) Cannot be predicted 


14. The relationship between K p and K, for this reaction is 
(DK. K (RT) (2) A > K (RT)! 
(3) K, = KARTY (4) K, - K (RT) 


15. Which of the following factors does not increase the yje] d 
of NH, at equilibrium? 


(1) Catalyst (2) Increase in pressure 
(3) Increase in temperature (4) Decrease in pressure 


16. Starting with 2 mol of each (N,, H, and NH) in 5.0 L 
reaction vessel at 375°C, predict what is true for the 
reaction? 


(1) The reaction is at equilibrium 

(2) The reaction proceed in forward direction. 

(3) The reaction proceed in backward direction. 

(4) Q, for the reaction is less then K . 
Paragraph 6 


Phosphorous pentachloride when heated in a sealed tube at 
700 K undergoes decomposition as 


PCI.(g) ==> PCI, (g) + CL(g), K, — 38 atm 
Vapour density of the mixture is 74.25. 
Answer the following questions: 


17. The reaction is 


(1) Endothermic 
(2) Exothermic 
(3) May be endothermic or exothermic 
(4) Unpredictable 
18. Percentage dissociation of PCl, may be given as 
(1) 4.04 (2) 40.4 (3) 44.0 (4) 0.404 


19. Equilibrium constant K, for the reaction will be 
(1)066M (2)056M . (3)046M  (4)0.36M 
20. If pressure is increased then the equilibrium will 
(1) Be unaffected 
(2) Shift in backward direction 
(3) Shift in forward direction 


(4) Cannot be predicted 
21. When an inert gas is added to the given reversible process. 
then the equilibrium will. 
(1) Be unaffected 
(2) Shift in backward direction 
(3) Shift in forward direction 
(4) Cannot be predicted 
Paragraph 7 
Decomposition o'ammonium chloride is an endothermic reaction. 
The equilibrium may be represented as: 

NH,Cl(s) == NH,(g) + HCl(g) 


A 6.250 g sample of NH,CI is placed in an evacuated 4.0 L 
container at 27°C. After equilibrium the total pressure inside the 


oe 


Pos 


act is 0.820 bar and some solid remains in the container. 


nd : 
i wer the followings 
ans 


^4 The value of K, for the reaction at 300 K is 

i 116.2 (000168 — (3)1.68 (4) 32.4 

4, The amount of solid NH,CI left behind in the container at 
equilibrium is 
(1) 2.856 (2) 28.56 (3) 0.2856 — (4) 1.320 


T if the volume of container were doubled at constant 
temperature, then what would happen to the amount of solid 
in the container. 
(1) Decrease (2) Increases 

(4) None 


ys, The extent of decomposition can be increased by 


(3) Remain unchanged 


(1) Increasing the temperature 
(2) Decreasing the temperature 
(3) Adding more NH,CI 
(4) Removing HCl(g) 
16. The value of K p for the reaction decreases with 
(1) Increase in volume (2) Decrease in temperature 
(3) Decrease in pressure (4) Increase in temperature 
Paragraph 8 
K and K_ are inter related as 
| K, = KART" 
Answer the following questions: 
77. Which of the following have K, = K,? 
(1) H,(g) + L(g) ==> 2HI(g) 
(2) N(g) + O(g) ==> 2NO(g) 
(3) 2NO(g) + CL(g) == 2NOCI(g) 
(4) 2S0,(g) + O(g) == 2S0,,(g) 
28. Which of the following have same units of K,? 
(1) PCL(g) === PELE) + CL(g) 
(2) AB (g) —— AB(g) + B(g) 
(3) NH,HS(s) ——— NH,(g) + H,S(g) 
(4) 2NH,(g) == N,(g) + 3H,(g) 
29. In which of the following equilibria Kis less than K ? 
(1) PCI. (g) ——— PCI,(g) + Clg) 
(2) N (g) + 3H,(g) —— 2NH,(g) 
(3) H,(g) + CL(g) == 2HCl(g) 
(4) 2H,0(1) ——— 2H,(g) + O,(g) 
30. For N4(g) + 3H,(g) —= 2NH,(g); K JK, is equal to: 
(1) RT? DIRT | Q)RT* — (4) IRT? 
31. The unit of equilibrium constant for 


H,(g) zi L(g) == HK) 
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(1) mol L~? (2) mol? L? 
(3) L mol? (4) None of these 
Paragraph 9 


The 


relation between K, and K, is K, = K (RT)*" unit of 


i= (atm)^"; unit of K, = (mol L tAn, 


Answer the following: 


32. Consider the following reactions: 


33. 


34. 


35. 


36. 


i. CO(g) + H,O(g) === CO,(g) + H,(8); K, 

ii. CH,(g) + H,O(g) === CO(g) + 3H;(g); K, 
iii. CH,(g) + 2H,O(g) ===> CO,(g) + 4H;(g); K, 
Which of the following is correct? 

(1) K,=K,/K, (2) K, = KK 

(3) K, - K, * K, (4) K, =K, JK, 


The equilibrium constants of the following reactions at 400 K 
are given: 


2H,O(g) —— 2H,(g) + O,(g):; K,=3.0x jp? 
2CO,(g) —— 2CO(g) + O,(g); K,=2* 10-7 
Then, the the equilibrium constant K for the reaction 
H,(g) + CO,(g) ==> CO(g) + H,O(g) 
is 
(1) 2.04 (2) 20.5 (3) 0.85 (4) 1.4 
Given: 2NO(g)* O(g) ——— 2NO,(g); K, 
2NO,(g) —— N,0,(g): K, 
2NO(g) + 0,(g) == N,O,(g): K; 
Which of the following relations is correct? 
(1) K, = K,/K, (2) K,=K, x K, 
(3) K, - K, +K, (4) K, - K./ JK, 
H4CIO, is a tribasic acid, it undergoes ionisation as 
H4CIO, H*-FILCIO: K, 
H,CIO,- H*« HCIO 5 K 
HCIO, H*- CIO; K. 


Then, equilibrium constant for the following reaction will 
be: 


— 
> 


——— 
w 


—À 
< 


HCIO, s= 3H? +Cl0,> 


(K\K,)° KK, 


(1) K.K,K, uf 


AY 1 
G) > 


9 ^ 


(2) (4) 


Consider the two reactions: 

XeF,(g) + H,O(g) ———9 XeO,F,(g) + 2HF(g); K, 
XeO,(g) + XeF,(g) —— XeOF,(g) + XeO,F,(g); K, 
Then, the equilibrium constant for the following reaction 

XeO,(g) + 2HF(g) =— XeO,F,(g) 
is given by: 
(1) K/K? 


(2) (K,/K,)' (3) K'/K^ — (4) K/K, 


"bs 
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Paragraph 10 


The pressure inside the cham 


——  2NH,(g): AH? = -224 kJ 


N,(g) + 3H,(g) 
ber is 100 atm and temperature at 


300 K. 


Answer the following questions: 
37. If K. for the given reaction is 1.44 x 


39. 


40. 


41. 


K, will be: 
1.44107 


(1) NELLE L'(Q29 5 mol L” 
(0.082 x 500) ^ (8.314 x 200) 

J : 1.44 x 10? I 

Ae mol L l (4) NL da mol L l 


(0.082 x 700) (0.082 x 300) ` 


The preparation of ammonia by Haber's process is 


an exothermic reaction. If the preparation follows the 
following temperature-pressure relationship for its % yield. 
Then for temperature 7), T», and T, the correct option is: 


100 T; 
î 80 
Tə 
= 60 E 
© 
> 40 Ti 
S 
20 


100 200 300 400 
Pressure (atn) ——» 


()7,> 1,77, (D T, 9D =l 

Q)IT«T«I, ()7T;-T,- Ti 

On adding catalyst the equilibrium of reaction: 

(1) Shift in backward direction 

(2) Shift in forward direction 

(3) Does not affect the equilibrium 

(4) Cannot predict. 

If E, for the reaction is 1.44 x 1075, then the value of K, for 

the decomposition of NH, P 
2NH,(g) == N (28) + 3H;(g) 

will be: 


(1) 41.44 x 10? (2) (1.44 x 105) 


TR = (4) 1.00 x 10? 

1.44 «10^ l 
30 L H,(g) and 30 L N,(g) were taken for the reaction in 
Haber’s process which yields only 50% of the expected 
ammonia due to reversibility of the reaction. What will be the 
composition of reaction mixture under the given condition? 


NH, N, H, 
(1) 20L 20 L 20 L 
(2) 10L 25L I5 L 
(3) 20L IOL 30L 
(4) 20L 25L ISL 


Paragraph 11 
Mass action ratio or reaction quotient Q for a reaction can be 
calculated using the law of mass action 


A(g) + B(g) —— C(g) + D(g) 


Bole) 
°= DIE] 


10-5. then the value of 


The value of Q decides whether the reaction is at equilibrium or not 


At equilibrium, Q-K 
For an equilibrium process, O#K 
when Q > K, reaction will favour backward direction and when 


Q < K, it will favour forward direction. 
Answer the following questions: 
42. The reaction quotient Q for: 
O(g) + 2H,(g) = 2H,O(g) 
[HOT The reaction will proceed in 
[O;][H;] 


backward direction, when 


(DQ-K, QOQO-K, (30-K, (4)Q=0 


is given by O= 


43. For the reaction: 
2A +B => 3C at 298 K, K, = 40 
A 4 L vessel contains 2. 1, and 4 mol of A, B, and C, 
respectively. The reaction at the same temperature 


(1) Must proceed in forward direction 
(2) Must proceed in backward direction 
(3) Must be in equilibrium 

(4) Cannot be predicted 


44. In a reaction mixture containing H,, N, and NH, at partial 
pressure of 2 atm, 1 atm and 3 atm respectively, the value 
of K, at 700 K is 4.00 x 103 atm". In which direction the 


net reaction will go? 
N,(g) * 3H,(g) = 2NH,(g 
(1) Forward (2) Backward 
(3) No reaction (4) Cannot be predicted 
45. In the following reaction: 
2S0,(g) + O(g) ==> 2SO,,(g) 


the equilibrium is not attained. The rate of forward reac tion 
is greater than that of backward reaction. Thus, which ofthe 
following is the correct relation between K, and Q,? 
(D K,- Q, (2 0,» K, 
(3) 0, « K, (4)K,=9, =| 
46. In the reaction: 
NH,Cl(g) ==> NH;(g) + HCl(g) 


a graph is plotted to show that the variation or the rate of 
forward and backward reactions against time. 


Which of following is correct? 


z Forward 


Rate —> 


(1) 3 7 ! 

(2) 2 : ; 

B | 2 3 

(4) 2 3 
pragraph : 


y nydration of salts is an important class of heterogeneous 
ion The salt hydrates during dehydration often dissociate 
j seps t0 form a number Di intermediate hydrates according 
ihe prevailing pressure of moisture in contact with the solid 
rates Thus. copper sulphate pentahydrate on dissociation 
«elds trihydrates, monohydrates and then the anhydrous salt in 
jc above order as follows: 


"7 Cu$0,5H,0 &——À CuS0,3H0 (p, , = 7.8) 


CuSO43H,0 == CuSO,H,0 (p, o= 5.6) 


> CuSO,H,0 == CuSO, Pao” 0.8) 


a L——————————— 
^" Moles of water/moles of CuSO, 


17. The equilibrium constant K, for the equilibrium between 
pentahydrate and trihydrate is: 
(1) 7.8 (2) 60.84 (3) 31,36 
48. The ratio of equilibrium constant between pentahydrate 
and trihydrate and equilibrium between trihydrate and 
monohydrate is 
(1) 1.9 (2) 2.9 (3) 8.6 (4) 5.6 
. Which of the following conditions is favourable for 
dehydration of CuSO,°5H,O? | 


i. Low humidity in air 


(4) 5.6 


1 


wo 


ii. High temperature 
iii. Py. o Increases 
The correct option is: 
(I)i (2)i,ii (3) ii, iii 
Paragraph 13 
“Yand Z react in the 1:1:1 stoichiometric ratio. 


The concentration of X, Y and Z we are found to vary with time 
a g 
‘shown in the figure below: 


(4) i, ii, iii 


Concentration (mol L 


Time (s) —— 


50. Which of the following equilibrium reaction represents the 
correct variation of concentration with time? 


(1) X(g) + Wg) == Ze) 
(2) X(g) + Ys) —— AB) 
(3) Z(g) + Y(g) ==> X(g) 
(4) Z(g) + X(g) ==> (8) 


51. The value of the equilibrium constant (K,) for the equilibrium 
represented the in above sketch will be 


9 11 
(1) P (2) 1 


2 10 

= 4) — 

(3) 3 (4) 7 

52. If the above equilibrium is established in a 2.0 L container 
by taking reactants in sufficient amount then how many 
moles of component Y must have reacted to establish the 


equilibrium? 
(1)0 (2) 6 


Paragraph 14 


(3) 12 (4) 8 


Two solids X and Y dissociate into gaseous products at a certain 
temperature as follows: 


i. X(s) —— A(g) + C(g) and 
ii. Y(s) —— Big) + Clg) 
At a given temperature, pressure over excess solid .X* is 
40 mm of Hg and total pressure over solid ` Y(s) is 60 mm of Hg. 
Now, answer the following questions: 
53. Ratio of K, for reaction (i) to that of reaction (11), 1S: 
(1) 4:9 (2) 2:3 (3) 4:9 (4) 2:1 


54. The ratio of moles of A and B in the vapour state over a 
mixture of solids X and Y, is: 


(1) 2:3 (2) 2:5 (3) 4:9 (4) 1:1 
55. The total pressure of gasses over a mixture of solids .X and 
Y is: 
(1) 100 mm (2) 74.84 mm 
(3) 50 mm (4) 120.74 mm 


Matrix Match Type Ill 


This section questions each with two columns | and lI. Match the 
items given in column I with that of column Il. 


BH Reaction at equilibrium 


Reaction proceeds in backward 
direction 


7.82 Physical Chemistry 


2. 
J —— T jomad es 

DUSTIN 
P) 


: Pass 
Bh ZHI K increase with increase 
EN in temperature 


N,(g) + 3H,(g) == On increasing 
: 2NH,(g) pressure reaction favour 


to product side 


Bom SS T [eomm 
koowa cog [em 
b. NHC) =NH; (g) + HCI) |q.|Uniless | 
c. [H.(g) + L(g) == 2Hl(g) pan ėHE 


ECTS RTT 
E B 


Temperature is increasing 


Temperature is constant . 


Volume is constant 


s. | Pressure is increasing 


Column H 


Dissociation of N,0,(g) .| Increases with 
N,0,(g) == 2NO,(g); temperature 
AH = + 57.0 kJ 


Oxidation of NH,(g) Decreases with 


4NH,(g) + 50,(g) ——— 
4NO(g) + 6H,O(g) 
AH = -900.0 kJ 


pressure 


Increases with 
addition of inert gas 
at constant pressure 


Oxidation of nitrogen 
N,(g)+O,(g) <== 2NO(g); 
AH = +180.0 kJ 


Decreases with 


Formation of NO,(g) 
NO(g) aF O,(g) a 
NO,(g) + Os(8); 

AH = —200 kJ 


temperature 


Forward shift by | 
rise in pressure 


-|2SO,(g)+O,(g) ——— 2SO,(g); |q. | Unaffected by 
AH =—ve | | change in 


pressure 


N,(g) + O;(g) ———2NO(g) -ir | Forward shift by 
AH = +ve rise in 

| temperature 
| 


PCL,(g) + Cl,(g) == PCl,(g); |s. | Forward shift by 
AH = +ve lowering the | 


temperature 


| 


Column I 


at constant 
pressure shifts the equilibrium in 
backward direction 


pressure has no effect on 
equilibrium 


d. Addition of inert gas shift the 
equilibrium in forward direction 
at constant P 


LN 
C (Column l 


HLO + b(g) — 


Column Il 


2HI(g) .| Unaffected by inert 


gas addition 


| 
| 


‘p.CaCO,(s) ——23 CaO(s)+CO, (g 
| 


Forward shift by 
rise in pressure and 
backward shift by 
inert gas addition 
. | Unaffected by 
increase in 
pressure 
. | Backward shift by 
risein pressure and 
forward shift by 
inert gas addition 


ET Column II 


Effectofconcentration 

pressure and tem- 

perature on a system 

at equilibrium 

b. CaCO,(s) ——— CaO(s) q. | Irreversible 
+CO,(g) reaction 

c. Le Chatelier’s principle Law of mass action 

d K - K, |S. 

e. 2Mg + O, —> 2MgO t. 


| 
| | 


| | 
| 


«Ng * 3Hs() = 2NH,(g) 


d. PC1,(g) == PCL (g) + Cl (g) 


l1. 
Column I 


a. N.(g)3H,(g) ——— 2NH.(g) 


Equilibrium state 


Homogeneous 
reversible reaction 


Tm 


Rate of forward reaction u.| Heterogeneous 


reversible reaction 


v. | 2HI(g) ——— H.(g) 
+ L(g) 


= Rate of backward reaction 


qa 


. Guldberg and Waage 


li Archives 


JEE MAIN 


Single Correct Answer Type 


l. A vessel at 1000 K contains CO, with a pressure of 0.5 atm. 
Some of the CO, is converted into CO on the addition of 
graphite. If the total pressure at equilibrium is 0.8 atm, the 
Value of K is 
(1) L8 atm 
(3) 0.3 atm 


(2) 3 atm 
(4) 0.18 atm 
(AIEEE 2011) 
2. The equilibrium constant (K) for the reaction 
No(g) + O.(g) => 2NO (g) at temperature 7 ls 
4 x 10%, The value of K, for the reaction 


Chemical |. ChemicalEquilibrium ^«^? 7.83 


Numerical Value Type — rw "IN 


. A reaction attains equilibrium, when the free energy change is 


(1) | (2) 2 
(3)3 (4) 0 
. For a homogencous chemical reaction, K,= K , when 
(1) An =0 (2) An= | 
(3) An=2 (4) An=” 


. For the reaction A + B ===> C, the rate constants for the 


forward and the reverse reactions are 4 * 102 and 2 x 10? 
respectively. The value of equilibrium constant K for the 
reaction would be 

(1) 1 (2) 2 

(3) 3 (4) 4 


. The equilibrium constant for the reactions 


A+B — AB is 0.5 at 200 K. The equilibrium constant 
for the reaction AB === A + B would be 

(1) 1 (2) 2 

(3) 3 (4) 4 


. One mole of ethanol is treated with one mole of ethanoic 


acid at 25°C. Half of the acid changes into ester at equili- 
brium. The equilibrium constant for the reaction will be 
(1) 1 (2) 2 

(3)3 (4)4 


. [n the reaction A + B === AB, if the concentration of 


A and B is increased by a factor of 2, it will cause the 
equilibrium concentration of AB to change to 

(1) Two times to original value 

(2) Three times to original value 


(3) Same 
(4) Zero 
. At equilibrium, the value of equilibrium constant K is 
(1)! (2)2 
(3)3 (4) 0 


| l 
NO(g) > 5 N2@)+702(8) at the same temperature is 


(1) 0.02 
(3) 4x 10 


(2) 2.5 x 10° 


(4) 50 (AIEEE 2012) 


3. For the reaction, 


l 
50,(g) + 70:8) —— SO,(g), 


If Kp = K, (RT)* where the symbols have usual meanings, 
then, the value of x is (assuming ideality). 
(I) -1 Q)-U2 (12 (41 

(JEE Main 2014) 


O 


7.84 


4. The standard Gibbs energy change 


Pi 


Physical Chemistry 
at 300 K for the reaction 
2A > B + Cis 2494.2 J. At a given time, the dni vd of 
the reaction mixture is [A] = s [B] = 2 and (C) = a The 
reaction proceeds in the 

[R = 8.314 J/K/mol, e = 2.718] 
(1) forward direction because Q > Ke 
(2) reverse direction because Q > Ko 
(3) forward direction because Q«K. 
(4) reverse direction because Q< Ke 

(JEE Main 2015) 


. The equilibrium constants at 298 K for a reaction A + B 


— C + D is 100. If the initial concentration of all the four 
species were 1 M each, then equilibrium concentration of D 


(in mol L7’) will be: 


(1) 1.182 (2) 0.182 
(3) 0.818 (4) 1.818 

(JEE Main 2016) 
An aqueous solution contains 0.1 0 MH,S and 0.20 M HCl. 


If the equilibrium constants for the formation of HS- from 
H-S is 1.0 x 107 and that of S% from HS” ions is 1.2 x 10? 
then the concentration of S% ions in aqueous solution is : 
(Dy.S» 107" (2) 6 x 107! 
(3) 5x10 (4) 5 x 108 

(JEE Main 2018) 
Which ofthe following lines correctly show the temperature 
dependence of equilibrium constant, K, for an exothermic 
reaction? 


(1) B and C (2) C and D 
(3) Aand D (4) A and B 
(JEE Main 2018) 


JEE ADVANCED 


Single Correct Answer Type 


1. 


For the reaction, 
. o] . - 
SO, t 5 One) $0.0, if Kp = Kc (RT) 


where the symbols have usual meaning then the value of x 
Is : (assuming ideality) 


(1) — 2 | ] 
E (2)1 (3)-1 dc 


(JEE Advanced 2014) 


P T 
. The % yield of ammonia as a function of time in the reaction 


NAB) SEL (S) e 2NH,(g), AH < 0 
at (P, T,) is given below. 


-———^ 
-— 


% yeild 


time 
If this reaction is conducted at (P, T) with T; 7 T, the% 
yield of ammonia as a function of time is represented by 


% yeild 


:— 
a 


G 
% yeild 


time 


time 


(JEE Advanced 2015) 


3. The following reaction is performed at 298 K. 
2NO(g) + O,(g) ——=_ 2NO,,(g) 
The standard free energy of formation of NO(g) is 86.6 kJ 


mol at 298 K. What is the standard free energy of formation 
of NO,(g) at 298 K? (K, = 1.6 x 1013 


(1) R(298) In(1.6 x 10!2) — 86600 
(2) 86600 + R(298) In(1.6 x 1032) 
In (1.6 x 10?) 
R(298) 
(4) 0.5[2 x 86600 — R(298) In(1.6 x 10!2)] 
(JEE Advanced 2015) 


(3) 86600 — 


Multiple Correct Answers Type 
1. The equilibrium 
2Cu! —— Cu + Cul! 


in aqueous medium at 25°C shifts towards the left in the 
presence of 


(NO, (cr (3) SCN (4) CN? 


(IIT-JEE 2011) 
. The thermal dissociation equilibrium of CaC O,(s) is studied 
under different conditions. l 


CaCO (s) ——2 CaO(s) + CO,(g) 
lor this equilibrium, the correct statement(s) is(are) 
(1) AH is dependent on T 


(2) K is independent of the initial amount of CaCO, 


3) K 
" Adis independent of the catalyst, if any 
(JEE Advanced 2013) 
, For reaction taking place in a container in equilibrium 
" is surroundings, the effect of temperature on its 


with . 

equilibrium constant K in terms of change in entropy is 
With increase in temperature, the value of K for 
exothermic reaction decreases because the entropy 


change of the system is positive 


(1) 


With increase in temperature, the value of K for 
endothermic reaction increases because unfavourable 
change in entropy of the surroundings decreases 


(2) 


a With increase in temperature, the value of K for 
exothermic reaction decreases because favourable 
change in entropy of the surroundings decreases 

(4) With increase in temperature, the value of K for 
endothermic reaction increases because the entropy 
change of the system negative 

(JEE Advanced 2017) 


linked Comprehension Type 
paragraph 1 . 
Termal decomposition of gaseous X, to gaseous X at 298 K 
skes place according to the following equation: 
X (8) = 2X(g) 


Chemical Equilibrium 7.85 


i endent on the "— l , : a 
( is dep pressure of CO, at a given T The standard reaction Gibbs energy, AG, of this reaction 1S 
le of X, and 


positive. At the start of the reaction, there is one mo 
Is, the number of moles of X formed 


no X. As the reaction proceec 
is the number of moles of.X formed 


is given by fJ. Thus, Pequilibrium " 
at equilibrium. The reaction 1s carried out at a constant total 
pressure of 2 bar. Consider the gases to behave ideally. 


(Given: R = 0.083 L bar K ! mol !) 
(JEE Advanced 2016) 


1. The equilibrium constant K, for this reaction at 298 K, in 


terms of Boquitibrium? IS 


2 2 
( 1) 8 Bequilibrium (2) 8 Bequilibrium 
p 2 
2- Bequitibrium de Bequitibrium 
2 2 
4 Be quilibrium (4) 4 Be cuilibrium 


(3) 
Ze D.quitibrium 4— Beewitibrium 


2. The INCORRECT statement among the following, for this 


reaction, is 

(1) Decrease in the total press 
of more moles of gaseous X 

(2) At the start of the reaction, dissociation o 
takes place spontaneously 


3) P. itibrium - 0.7 
(4) Ke«1 


ure will result in formation 


f gaseous X, 


RU ge TMmewESKMEEN CONUM. 7 Cue» 
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Matrix Match Type ARCHIVES 
JEE Main 
Single Correct Answer Type 
1. (1) 2. (4) 3; (2) 4. (2) 5. (4) 
6. (1) 7, (1) 
JEE Advanced 


Single Correct Answer Type 
1. (4) 2. (3) 3. (4) 
Multiple Correct Answers Type 
1. (2, 3, 4) 2. (1, 2, 4) 3.(2,3) 


Linked Comprehension Type 
1. (2) 2. (3) 


Numerical Value Type 
1. (4) 2. (1) 3. (2) 4. (2) 5. (1) 
6. (1) T. UL) 


OVERVIEW 


|, Strong and Weak Electrolytes 
Flectrolyte which dissociates almost completely into ions in 
aqueous solution is called strong electrolyte (c. g., H,SO,, 
NaCl, HCl etc.) whereas an electrolyte which dissociates toa 
lesser extent in aqueous solution is called a weak electrolyte 
(e.g. CH;COOH, NH,OH etc.) The fraction of the total 
number of molecules which dissociates into ions is called 
degree of dissociation (or ionization) and is represented as 
a. 
. Number of molecules dissociated 
= Total number of molecules 


The degree of dissociation depends on the following factors: | 


a. Nature of the solute: All ionic compounds i.e., strong 
electrolytes have & = 1 at normal dilution. Most of the 
polar covalent compounds i.e., weak electrolytes have 
a ««]. 

b. Nature of the solvent: Polar solvents with high 
dielectric constant are more ionizing. 

c. Concentration: Degree of ionization in inversely 
Proportional to concentration. 

d. Temperature: Degree of ionization is directly 
Proportional to temperature. 

€. Addition of other species: Addition of another solute 
having an ion common to that of weak electrolyte results 
in the supression of the degree of dissociation of weak 
electrolyte (common ion effect). 


2. Acid and base 


a. Arrhenius concept: Acid is proton donor and base is 

hydroxyl ion donor. 

b. Bronsted concept 

i. An acid is a proton donor, a base is a proton acceptor. 

ii. The strength of an acid depends upon its tendency 
to donate proton. More is the tendency to donate 
proton, more is the acidic nature. 


ill, Water is amphoteric as it donates as well as accepts 
proton. 


C) 
H,O + H,O == OH « H,0* 
Iv. Each cation is acid and each anion is base. 


v. A pair of acid and base which differ by a proton is 
known as conjugate pair of acid and base. 


Acid (H,S)- ^ ^ 72?" y Conjugate base (HS) 


Base (NH,) S A Conjugate base (NH,,”) 
c. Lewis concept 
i. Acids are electron pair acceptor, e.g., BF,, AICL. 


ii. Bases are electron pair donor, e.g., NH,, PCL. 


3. Relative strength of acids and bases 


a. For weak acids: 
Strength of I acid 


Relative strength — Strength of ILacid 


_ [H®] furnished byIacid Ca, 
p [H? ] furnish by Hacid Ca, 


Similarly, 


Strength of the base (BOH), 
ee S = 
Strength the base (BOH), 


When pH of two acids are same: 


[H*], = [H®), 
Cia, = Cia, 
ie ae 8 
Ko Q» 
Ka Q 
K, C 


b. For strong acids: 
Relative strength 


AL 
K, 


Rate constant for a reaction catalysed by acid I 
Rate constant for a reaction catalysed by acid II 


8.2 Physical Chemistry 


Note: Hydrolysis of ester in acidi 
kinetics whereas hy 
saponification of ester) follov 


4. 
5. 


- 


10. 


11. 


12. 


13. 


14. 


c medium follows first- order 
idrolysis of ester in basic medium (Le. — 
vs second-order kinetics. 

Arhenius theory is valid only for aqueous solutions. 
In complex compounds, the met 
Lewis acids while the ligands act as Lewis base. 


al atoms (or ions) act as 


. Acids like HCl, HBr, Hl, HNO, and H,SO, are strong acids 


whereas H,CO,. H,S HCN and CH,COOH ete, are weak 


acids. 


. The increasing order of acidic strength of some acids Is 


CH, < HO < H,CO; < NH? < Hj$ < CH,COOH < HF < 
HSO; < H,O < HCI <H,SO, < HBr < HI < HCIO, 


. The increasing order of basic strength of some bases Is 


CIO; < HSO% < CI < H,O < SO; < F° < CH,COO" < 
HS° < NH, < CO? < OH? < S% < 0% < CHy 


. The strength of acid depends upon the nature of solvent. For 


example, HCl, HNO,, H,SO, and HCIO, have same strength 
in water. It is due to levelling effect of water. In acetic acid 
solvent. the strength of above acids follow the order 
HCIO, > H,SO, > HCI > HNO, 
Thus, acetic acid is called as differentiating solvent since 
acetic acid behaves as such a weak base that it will accept 
protons from the stronger acid more readily than from the 
weaker acid. 
Levelling effect of water is due to its high dielectric constant 
and strong proton accepting tendency. 
HCIO, is the strongest while HCN is the weakest hydracid 
acid known. CsOH is the strongest base known. 
Acetic acid behaves as a strong acid in ammonia and as a 
base in anhydrous HF. 
Some periodic trends for acidity are: 
a. In any group as we go down, the strength of hydracids 
increases due to increase in the size of the atom or anion. 
e.g. HF < HCI < HBr < HI and 
HO < H,S < H,Se < H,Te 
b. Among oxyacids of the same element, acidic nature 
increases with increase in its oxidation number 
(41) (43) (+5) (+7) 


e.g., HCIO < HCIO, < HCIO, < HCIO, 
c. Among oxyacids of the same type formed by different 
elements, acidic nature increase with electronegativety 
(2.4) (2.8) (3.0) 
HIO < HBrO, < HCIO, 
d. Acidic nature of the hydride increases with increase in 
the electronegativity of the central atom. 
CH, < NH, < H,O < HF 
e. Among hydrides of element with same electronegativity 
acidic nature increases with the size of the central atoms 
CH, < H,S < HI 
Types of Solvents 
On the basis of proton interaction, solvents can be classified 


into four types: 


16. 


17. 


18. 


19. 


20. 


b. 


. Species classifi 


a. Protophilic solvents are the solvents which have the 
tendency to accept protons €.£., H,O, C,H,OH, liquid 
NH, etc. 

b. Protogenic solvents are those which have the tendency to 
give protons €... water, liquid HCl, glacial CH,Cooy 
etc. 

c. Amphiprotic solvents are those which act both a, 
protophilic or protogenic solvents e.g., HO, NH, 
C,H,OH etc. 

d. Aprotic solvents are those which neither donate no, 
accept protions e.g., benzene, CCl, etc. 

ed as Bronsted acids are also acids according 

to Arrhenius concept. But all the species classified as 

bases according to Bronsted concept may not be Arrhenius 
bases. Some examples of such species are OCI^, H,PO,, 

HCO, etc. 

A conjugate pair of acid and a base differs by a proton only 

j.e. 

Conjugate acid — Conjugate base + H® 

A strong Bronsted acid has a weak conjugate base and vice 

versa. 

Each conjugate acid has one extra proton while each 

conjugate base has one proton less. 

All Bronsted bases are also Lewis bases but all Bronsted 

acids are not Lewis acids. 

Ostwald’s dilution law 

It deals with the effect of dilution on weak electrolytes 

(weak acid or weak base). Degree of dissociation of weak 

electrolytes is proportional to the square root of dilution. 


2 
Ca^ 
7 2 
a l — qa’ 
where K, = dissociation constant of weak electrolyte 


a = degree of dissociation 
C = initial concentration of weak electrolyte 


Ifa << 1, then a = [E 
C 


[1.09] - Ca KC 


. In case of weak monobasic acid: 


H9? — Co^ SP 
r MF Q . c - qa? E ] 


a` C-[H?] l-a’ K, 


If 1-a ~ l, then K,= Ca? and [H7] = K,C 

pH = -log [H,O?] = -log (KO)? 

pH = 50K, -log C) 

In case of weak monoacidic base: 

_ [OHP Ca^ oe 
C - [OH] | 

If 1 -a « 1, then K, = Co? and [oH]- Je 


h 
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poH = PA, - log C] 


1 
or pH =14-pOH = 14— 7 PK, — log C] 


Equations (i) and (ii) are applied only when a << | and the 
value of C must be high. 


o LI . 
" Total [OH ] in mixture of two weak acids: 


[m,0*] = iV Ka Ci + Ka, C, 


j, Total [H,O?] in a mixture of two weak bases: 


e. Total [H,O*] in a mixture of weak acid and a strong 


acid: 
s at 4C) * 4K,6, 
Lo 


Here, C) is the concentration of weak acid having dissociation 
constant K, and C, is the concentration of strong acid. 
i. For any acid-conjugate base pair, K,K,-K, 

or pK, = pK, + pK,. 


ii ‘a’ of a weak electrolyte increases on dilution. 


Note: 

|. Ostwald’s dilution law is applicable only for weak 
electrolytes but fails completely in the case of strong 
electrolytes. 

. All salts (except CdBr,, HgCl,) mineral acids like HC], 
H,SO,, HNO, etc., and bases like NaOH, KOH etc., are 
strong electrolytes. 


to 


too 


- All organic acids (except sulphonic acids), inorganic acids 
like HCN H,BO, etc., and bases like NH,, amines etc., are 
weak electrolytes. 

4. Incase of an acid, number of ionisable protons per molecule 

of acid is called its basicity. Similarly, in case of base, 

number of ionisable hydroxyl ions per molecule of base 
is called its acidity. 


21. Tonic product of water 


Water is amphiprotic and gives H® and [OH] on self 


lonisation. 


lonic product of water, K = [H9] OH ] = 10°" at 25°C. 


It depends only on temperature. It increases with increase 
In temperature. 


lonic product of water, K, like all equilibrium constants 
Varies with temperature. It increases with increase 
in temperature. For example K,, = 10!? at 273 K, 
K, = 104 at 298 K and K „= 10" at 333 K, therefore, 
3 273 K a neutral solution has a pH = 7.5 and at 298 K a 
neutral solution has a pH = 7. At 60°, the neutral solution 
has a pH of 6.5 instead of 7.0 and that pH scale lies between 

and 13. Thus, we find that pH decreases with increases 


22. 


in temperature. At a temperature of human body (~ 37°C) 
PH of a neutral solution is 6.8 and PH scale lies between 
0 and 13.6. 


pH value 

pH = -log [H,O9] 

or [H,O9] = 19 PH 

Similarly, pOH = -log[ OH | 

[OH] - 10-r0n 

And, pH + pOH = pK, = 14 at 25°C 


For conjugate acid—base pair in aqueous solution, i.e., HA 
and A? 


HA + H,O == H,09 «A^ (K) 


A^ + H,O == HA « OH (K,) 
2H,O0 =— H40? + OH 


Thus, K, = K, * K, 
And pK, + pK, = pK, = 14 at 25°C 


Higher the pK, value, lower is the acid strength and higher 
is the basic strength. 


a. A solution having pH = 0 is acidic. 


b. pH ofa solution decreases on heating as the dissociation 
of water is an endothermic process. 


c. pH values greater than 14 are possible for concentrated 
strong base and negative pH values are possible for 
concentrated strong acids, but it is for dilute solutions 
that pH scale is more useful. 


d. pH of solutions of acids, bases and salts of same 
concentration varies from one another. It depends on the 
extent to which a particular substance ionises in solution. 

e. pH of solutions can be determined accurately by pH 
meter or by e.m.f. method or roughly by universal 
indicator or pH paper. 

f. pH of boiling water is 6-5625 although it is neutral. 

g. The word p in pH stands for French word puissance or 
German word potenz means power. 

h. For strong acids/bases, normality is taken directly as 
HË ion and OH" ion concentration. It molarity is given, 
convert it into normally. 

Molarity (M) x Molecular weight 
Normality (N) = —— — —— —— ————————— 
Equivalent weight 
(OR) 
N = “n” factor x M 
i. Fora weak acid/base the pH shall depend on its degree 
of ionisation, For example, pH of weak acid HA is given 
as: 
HA = Fe + A9 
Equilibrium concentration C(1 — o) Ca Co. 


/ P» 


o 4l -" 
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 Here[H9] - CO “> pH = -log [Ca] 
Also since K, of weak acid = C a? 


Ka - Co = [H9] 


— 


Q 


a 
Hence pH=log 


j. pH values do not give instantaneous idea about n 
relative strengths of the solution e... A 4 x 10 j N 
ated as compared to 2x10? N 


HCl is twice concenti 
HCI. but the pH values of these are 4.40 and 4.70 (not 


double). 
. pH values is Zero for | N solution of strong acid. In case 
of 2N. 3N. 4N ete., solutions, pH values are negative. 


. pH range for some important substance are: 

Gastric juice 1.0— 3.0 Soft drinks 2.0—4.0 
Vinegar 2.4-3.4 Human urine 4.8— 8.4 
Human saliva 6.5 — 7.5 Blood plasma 7.36 — 7.42 


Tears 7.4 

. The relationship between pH and hydrogen ion 
concentration is inverse one. Thus as pH goes up 
hydrogen ion concentration goes down. 


. the relationship between pH and hydrogen ion 
concentration is also logarithmic one. For example 
decrease of pH by one unit, corresponds to ten fold 
increase in hydrogen ion concentration. Similarly, when 
pH goes down by two units, hydrogen ion concentration 
increases by a factgor of 100. 


. K, value does not change on the addition of a salt, acid 
or base at a particular temperature. 


solubility of AgCI! in NaCl solution is less than tha, 3 
water because [C19] increases so that [Ag®] decrease, 
due to common ion effect. 


A solution of an acid having very low concentration 
(e.g., 10 8 M HCI) cannot have pH 8, as given by pH 
formula but the actual pH value will be less than 7, ph 
of any acid can never be greater than 7. For example 
108 M HCI has a pH = +6.958. In such cases as the 
H® ion concentration of acid is less than that originally 
present in water, therefore H® conc. of water is also 
taken into account. 


Total H® ion concentration = 10? - 1077 = 
1075 [1+ 10] = 11 x 10°8 
pH =— log 11 x 10% = 6.958 


For 108 M NaOH solution pH is not 6, because basic 
solution always leave pH > 7. This solution has pH - 7.04 


23. Common ion effect 


The degree of dissociation of a weak electrolyte is 
suppressed by the addition of another strong electrolyte 
containing common ion. It is called common ion effect. 


In case of weak electrolyte, 
X ue X py 


BÊ 

| BY 
In case any other strong electrolyte containing at 
ions is added, the equilibrium tends to shift to left in order to 
keep K constant at given temperature. 1... [HE] in solution 
decreases or [XY] increases or in other words the degree of 


dissociation of HX decreases. 


Note: Jn presence of a common ion (from strong electrolyte) 
present with weak electrolyte, the concentration of common 
ion is derived from strong electrolyte. 


p. Degree of ionisation of pure water is 1.8 X 10? 
or 1.8 x 107% at 25°C which indicates that it is a very 


weak electrolyte. 


. pH relates to negative power of 10. Hence, a solution 
of pH = ] has hydrogen ion (or hydronium ion) 
concentration 100 times that of a solution of pH = 3 
(not three times). 
Since pH is related to a negative exponent, the lower 
the pH value, the larger the concentration. 
. pH of a buffer changes with temperature because K, 
changes with temperature. 
. Mixed salts give more than one cation or anion on 
dissolving in water. For example. 
i. Bleaching powder, CaOCl, gives Ca^', OCI? and 
GI? 
ii. Rochelle salt (sodium potassium tartarate) gives 
Na®, K® and tertarate, 


CH(OH)COO 


| , 
CH(OH)COO © 


ions 


a. At half neutralisation point of weak acid 
where [HA] = [Av ] 
pH = pK, 
[H9] =K, 

b. At half neutralisation point of weak base where 
[BOH] = [BÊ] 
^ pOH = pK, 


| OH ]= A, 
^A pH = 14— pK, 
e... In case of weak dibasic acid (e.g., H,CO,), pH êt hall 
neutralisation point is m 
pK, * pK 
pl | Pa 7 PA 
9 


24. Buffer solution: A solution that resists change of PH upo” 


the addition of small amount of acid or alkali. 


O A 


^^ imple buffer: Salts of weak acid and weak base, c.p. — — 


si It is maximum when 


» cH,COONH,, NH,CN, ete. 
acid puffer For acidic buffer, eid =|; pH=pK, 
p. oe acic 
They are prepared by mixing weak acid and its salt with 
se or it contains a weak acid and its conjugate bi ; . [salt] 
rong base Or 1 Yjugate base, For basic buffe =|; pOH-pK 
i CH,COOH and CH,COONa. soe" [Base] — : did 
eR n be 
[salt] Note: 
-pK + log " 
IPAE Tacid] 


. A nearly constant pH is maintained by buffers when diluted 


-— -" with water or di T e j 
_ Basic buffer: These are prepared by mixing weak base and lilute acid or base is added. 


è is sit with strong acid or it contains a weak base and its 2. Buffer capacity is largest when the concentration of a salt 
-onjugate acid. e.g, NH,OH and NH,CI. and weak acid/base are equal or when pH = pK... 
salt 3. pH of buffer depends on concentration ratio of the base to 
` i p 4. pH ofa buffer varies with temperature because K „ value 
į Salt buffer: It is a salt of weak acid and weak base. changes with temperature. 
. |K.xK, ST Simple buffers. Buffer solutions can also be prepared by 
Er Ta (a) a solution of ampholytes, e.g. proteins and amino acids, 
' (b) a mixture of an acid salt and a normal salt of polybasic 
¿ Buffer range: acid, e.g., Na, HPO, + Na,PO, ora salt of weak acid and 
i An acidic butter is effective within pH range (pK, — 1) a weak base such as CH,COO,NH ,. NH,CN, etc. 
to (pK, + 1). 6. Buffer solutions have reserve acidity and reserve alkalinity. 
i, A basic buffer is effective in pH range (pK,, — pK, + 1). 7. The greater the buffer capacity. the greater is its capacity 
ii. pH of a buffer does not change on dilution. to resist change in pH value. 
t Buffer capacity: 8. Buffers cannot withstand the addition of large amounts 
Number afmolesefacid of acids or alkalies. The addition of 0.01 mol per litre of 
. or base added per litre H® or OH? is about the maximum that any buffer can be 
Buffer capacity = ———___.._ expected to withstand. 


Change in pH 


% Salt hydrolysis (for uni-univalent salts) 


Neutral " 


L Salt of strong acid 
and strong base, e.g.. 
NaCl, KC] 


Salt of weak acid and 
2. strong base, e.g.. 
.CH;COONa 


[Ss a pH = pA, "a + log € 


[K e ' ^ XX, — log C 
3, Salt of weak base and Aelific F pH» EP = 
| Strong acid, €g., V ^, - 
l May be | K, L9. pH pA + pA. pA, 
4. | Salt of weak acid and acidic, basic, h K xK, VK, : 


weak base or neutral 


aC ,O,. other equations are derived 


N è ‘as a emt « IAM. ;,alentt 
te: For other types of salts say uni-bivalent €.g.. Na4C ,O, o! ` ine UE OE it K = K, (ii) basic if K, > K , and (iii) acie 
ote: In id í sak base, nature of mediun ‘ a ' b Ai 2 

„te: In case of salt of weak acid and wea . 

fk >K 

a b: 


om. 


————— le A 
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n se of neutralisation. c. greater the charge, greater the number of H® iong fom 
a. Hydrolysis 1s the reverse of neutral Aneto hydrolysis, neteeslowelithe iE t 
b. It should be noted that, in salt hydrolysis 29. There is no effect of dilution on the hydrolysis of T 
When K, 7 Ky pH= 7 weak acid and weak base. This is because in this bn of 
K > Ky pH<7 (degree of hydrolysis), pH and K, are all independent 
K, < Kp pH>7 concentration C. of 


» the dissociati stants of acid and 
where K, and K, are the dissociation consta 


30. Salts of strong acids and strong bases (e.g., NaC] Ke 
base formed during the hydrolysis of the salt. | 


KNO, etc.) do not undergo hydrolysis. The reason i 
the possible products of hydrolysis are strong electroly. 
and themselves get fully ionized. Such a solution is neutra 
i.e., its pH Is 7. 


c. Cationic hydrolysis: It is the hydrolysis reaction due 
to interaction of the cation of the salt with water. It 1s 
represented as 


e = of H® LL 
diis i iil " 31. a. Sparingly soluble salts and precipitation: 
Salts of a strong acid and a weak base undergo cationic i | 
hvdrolvsis | i. Solution of a sparingly soluble salt is expresseq à 
P l -A org L”. 
d. Anionic hydrolysis: It is the hydrolysis reaction due mol Ms | | 
to interaction of the anion of the salt with water. It is ii. Solubility (in mol L^) of any salt A.B. in pure water 
represented as | is given by: 
A? + H,O = HA + OH? i wp) (x+y) 
Salts of a weak acid and strong base undergo anionic Solubility = xy 
ipe l | iii. Solubility of a salt decreases in the presence of a 
e. The net effect of dissolving a salt (which undergoes conim foi 
hydrolysis) is to break up the water molecules (hydrolysis) 


to produce weak acid to weak base or both and thus 


In general, we can neglect the contribution of 
phenomenon is always endothermic. 


common ion from the sparingly soluble salt. 
f. The acid salts are more soluble than neutral salts e.g., 


Ca. (PO), is insoluble in water, CaHPO, is sparingly soluble 
but Ca(H,PO,), is fairly soluble. OK AgCl Ko AgCI 
g. Salt hydrolysis affects the pH of the solution. 


e.g., solubility of AgCl in x M NaCl 


[CI^] x 

h. Degree of hydrolysis ofa salt depends upon temperature and b. Selective precipitation: When difference in t: 
concentration. It increases with increase in temperature and minimum concentrations of common cation ani? 
decreases with increases in concentration and vice versa. required to start the precipitation is very high 

26. Isohydric solution BM ^ 
AN w To check, always calculate the concentration ot 7* 
ese are the solutions of the weak electrolytes containing cation/anion left in the soluti hen the second cano? 

equal concentration of the common ions present in them. . . di ENT 
When such solutions are mixed, no change in the degree of anion starts to precipitate, and so on. 


dissociation of either of the electrolyte occurs. 
27. In the hydrolysis of salts of strong base and weak acid: 
a. anion of the salts is hydrolysed, 


Simultaneous solubility: Solubility of two er mor 
salts having a common cation/anion when theif A; 
values are comparable. Solve the governing equam 


b. free OH“ ions are formed. The number of OH? ions simultaneously. 
formed, per molecule of the salts, due to hydrolysis is d. Precipitation of salts: 
equal to the charge on the anion. 


c. greater the charge on anion greater the number of OH^ ds um bi ka i : Op) Kp precip 
ions produced due to hydrolysis hence greater the pH. equals X p 

28. In the hydrolysis of salts of weak base and strong acid: ii. IfIP < K p» precipitate will not be formed. 
j 1 eee ~ è 

a. cation of the salt is hydrolysed. iii, If IP = K p precipitate will not be formed but 


b. free H,O® (or H®) ions are formed. Number of | LO? solution is at saturation stage. 


ions formed per molecule of salt, due to hydrolysis is 
equal to charge on the cation. 


" 
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< solubility of a sparingly soluble salt in the presence of common ion (when K „ is very small) 
" | 


Types of sparingly 


Common ion added S in H,O 
soluble salt 


S is common ion. 
(S 


new) 


i for yni-univalent type 
(eg AgCI) 


Either cation or anion 
(e.g., Ag? or Cl) 


Sew = Ky (C) 


^new | 
‘= concentration of 


oror 
for pi-bivalent type 
(e.g, BaSO 4) 


jas 


p» 


5 ` : 
Ba?" ion or SO,” ion 


= number of common 
ion in sparingly soluble salts. 


© 
, For bi-univalent type Anion (OH ion) 


e.g. NOB), 


Cation (Ni** ion) 


3, For uni-bivalent type Cation (Ag® ion) 
e.g, Ag C204 


Anion (C,O,” ion) 


(©) 
4, For tri-univalent type Anion (OH ion) 
e.g., Al(OH); 


ES 
Cation (AP* ion) E | 


33. Theory of indicator 


pH 2 pK, + 1, the solution has a characteristic colour 


a. Transition range of an indicator: (pK,,,—1) to of Ind*. 
PKinat 1). b. Equivalence point: At equivalence point, the pH value 
b. For S/S, titration, almost every indicator is effective. of the solution, that is under going titration, changes 
€. For S,/W, and W /S, indicator, selection is important steeply and pH _ of this Pn change depends on 
and depends on the pH at equivalence point. the nature of acid-base pair being titrated. 
a. Ostwald’s theory: Indicators are generally weak At equivalence point, [Ind°] = [HIn] 


organic acids or bases. The unionised and ionised 


pH = pK, or [H9] = K. 
form of indicators have different colours. They change Ind ind 


colours within certain pH range and are used for the c. Selection of suitable indicator: The indicator should 
determination of end point in the titrations. offer a colour change at equivalence point or the pH 
transition range of the indicator must coincide with the 
— O9 + Ind? ; "fran 
HIn + H,O H; "n steep portion of the titration curve. 
Colour A olour 1 : : 
34. Titration of strong acid (HCl) and strong base (NaOH) 
© 
_ [H,0* [Ind] T es 
Ind [HIn] 
r 9 / J 
Kind depends only on temperature. 41777774 Phenolphthalein 
[HIn] j 7 
[H,0°] = King 5 Bromo thymol bl 
[Ind ] x ; romo thymo ue 
A < 


[Ind] 

[Hin] 3 
pH < pK,,,— 1, the solution has a characteristics colour | 
of HIn. 


Thus, pH = pK, t log 


PH = 3, equivalence point 


p Volume of titrant ——» 


e i nce of buffe 
8.8 Physical Chemisty The ratio of solubilities of salt 1n prese T and in 


35. Titration of weak base (NH,OH) and strong acid (HCI) 


Volume of acid ——3» 


Methyl red and methyl orange can be used, phenolphthalein 
cannot be used. 


Titration of weak acid (CH,COOH) and strong base (NaOH): 


Volume of acid ——2» 


Phenolphthalein is a suitable indicator 


Note: 


i At the equivalence point pK; dicato = pH. However, 
indicators have a useful colour change over pH range of 2 
units. 
Thus, 

pH - pk. + 


indicator 
ii. At half of the equivalence point of an acid, i.e. the point 
at which half of the acid has been neutralised 
pH = pk, 
Similarly, at half neutralisation of a base 
pOH = pk, 


36. Solubility of a salt of weak monoprotic acid in presence 
of H® ion from buffer solution 
The solubility of salts of weak acid increases with increase 
in [H®] or increases at lower pH. For example, the solubility 
of CH,COOAg in buffer solution is given by the formula. 
(K, is the dissociation constant of weak monoprotic acid, 
Kop is the solubility product of salt) 


ye 1/2 
S in buffer = B c K J 


SinH,O= [Ky 


37. 


38. 


39. 


water 1S 
o v? 
S in buffer [ + z) 
S in H,O K, 
Miscellaneous 


ee Rena 
a. For dissociation of H,A, [A^] 7 K;; 


For H,A [A37] ~ K, and so on. 


b. For a polyprotic acid, Ka >> | K,, and so on, 


Solubility of a salt can be increased by adding 4 
substance that makes a stable complex/compound with 
any of the cation/anion in the salt. 

e.g., AgCI dissolves more in aqueous NH, solution due to 


the formation of Ag(NH,),® and AgCN dissolves more 
in an acidic solution due to the formation of HCN (weak 


electrolyte). 
d. The pH of acidic salt in water of polyprotic acid 


e - 
(e.g., NaHS) and of zwitter ion (e.g., NH; CH;COO" ) 
is given by: 


2 


Some additional examples of buffers: Following are some 
more examples of simple buffers. 


a. A salt of a weak acid and weak base in water e.g. 
(NH,),CO,, CH,COONH,, NH 4CN etc. 
b. Proteins and amino acids. 


c. Amixture of a normal salt and an acid salt ofa polybasic 


acid e.g., NaHCO, and Na,CO,; Na,HPO, and Na;PO, 
etc. - ` : 


a. Hydrolysis of amphiprotic anions (cation not 
hydrolysed). Acid salts of weak acid and strong base 
like NaHCO,, NaHS etc., can undergo ionisation to 
form H® ions and can also undergo hydrolysis to form 
OH? (Na ion is not hydrolysed) — ` 
For example, 


i. HCO? "4 H,O lonisation 
HCO? + H,O ces, 


Thus H,COŶ is 


CO; -H,0? 
H,CO, + OHS 


amphiprotic anion 
H,CO,= H® + HCOS, K ! 


BODIE Re, 


— 


PH= SlPK, + pK, ] 
il. H,PO,= H,PO;' -H9 K 
ai 
HPO,’ = HPO? + H® K 
HPO; = POL + He, K 
. aj 


a 


o l 
PH(H,PO, ) = 59K, + pK,,] 


ai 


: l 
pH(HPOj ) = 3 UPKa* PKa,] 
: Hydrolysis of amphiprotic anion (cation is also hydrolysed) 
"sq salts like NHPHCOS, NH HS? ete., in which HCOS, 
JS? are amphiprotic and NH, ion is also hydrolysed, the 


[HÊ] can be calculated as 


[H9] = Kal 


Bw K 
K, 


: 
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40. a. 


Hydrolysis contant of a salt of weak acid and strong 


base is the ionisation constant of the conjugate base of 
the weak acid. 


. Hydrolysis constant of salt of a weak base and strong 


acid is the ionisation constant of the conjugate acid of 
the weak base. 


8.10 Physical Chemistry 


8.1 INTRODUCTION 


The type of equilibrium studied in chemical equilibrium is known 
as molecular equilibrium in which only the involvement of 
molecules takes place. There are various equilibria that involve 
ions only. This type of equilibrium involving ions in aqueous 
solution is called ionic equilibrium. . 

Aqueous solution of sugar does not conduct electricity; 
however, aqueous solution of NaCl (common salt) conducts 
electricity. Also, the conductance of electricity increases with an 
increase in concentration of NaCl. 

Michael Faraday classified the substances into two categories 
based on their ability to conduct electricity. 

a. The substances which conduct electricity in their aqueous 
solutions are called electrolytes. 

b. The substances which do not conduct electricity in their 
aqueous solutions are called non-electrolyte. 

Faraday further classified electrolytes into strong and weak 
electrolytes. 

Strong electrolytes on dissolution in water are ionised 
almost completely while the weak electrolytes are only partially 
dissociated. For example, an aqueous solution of NaCl comprises 
entirely Na? ions and CI* ions, while that of acetic acid 
(CH,COOH) mainly contains unionised acetic acid molecules and 
only some acetate ions (CH, COO^) and H ions. This is because 
NaCl is 100% ionised while CH,COOH is ionised less than 5% 
since it is a weak electrolyte. 

In weak electrolytes, equilibrium is established between ions 
and unionised molecules. Such type of equilibrium involving ions 
in aqueous solution is called ionic equilibrium. 

Ions in solution are formed mainly from two ways: 

a. When solute is ionic compound, i.e., strong electrolyte, e.g. 
. NaCl, MgCL, KCI, KBr, KNO, NaOH, and KOH. In such 
compounds, ions maintain their identity even in solid state. 
On dissolution in water, ions get separated and ionisation 
is almost 100% complete. 

b. When the solute is polar covalent compound and reacts with 
H,O to form ions. These may be strong or weak electrolytes 
depending upon their respective degree of ionisation (a), 
e.g., H,SO,, HNO,, HCl, NH,, CH,COOH, HCN, NH,OH, 
etc. 


VE Number of moles dissociated 
c Dégree; of ionisation (0) = Total number of moles taken 


8.2 OSTWALD’S DILUTION LAW 


The application of law of mass action to weak electrolytes is 
known as ostwald dilution law. There exists dynamic equilibrium 
between ions and undissociated molecules of the electrolytes in 
solution and the law of mass action can be applied to this. Consider 
a binary electrolyte AB 
AB = A?” + B" 
C 0 0 
C(1-a) Co Cu. (a = degree of dissociation) 


_ [APB] CaxCo | Co^. 


[AB (l-a) (l-0) 
K is termed as ionisation constant. For a weak electrolyte, 
value of a. is very small compared to 1 and (1 — &) = l. 


| 
-K=Co? > a= [Ede 
Y ‘a C JC 


If V be the volume of the solution containing | mol of Solute, 


l 

then C = 7 

Hence a = JKV oras NV. as ionic equilibrium is set up in 
case of weak electrolytes. Ostwald’s dilution is applicable only in 
case of weak electrolytes. 

The approximation (J — a) = I can be applied only jf 
a < 5%. If on solving a problem by applying the approximate 
formula; a comes out to be >5%, the problems may be solved by 
applying the exact formula and a may be calculated applying the 
solution of the quadratic equation 


| 2 ; 
Eu cue (for, aa? + ba + c = 0) 


2a 


8.3 ACIDS, BASES, AND SALTS 


As most of the acids taste sour, the word acid has been derived from 
a Latin word acidus meaning sour. Acids turn blue litmus paper into 
red and liberate H, gas on reacting with metals. Similarly, bases 
turn red litmus paper blue, taste bitter and feel soapy. 

HCl acid present in gastric juice is secreted by, the lining of our 
stomach in significant amount of 1.2-1.5 L day and is essential 
for digestive process. Acetic acid is the main constituent of Vinegar. 
Lemon and orange juice contains citric and ascorbic acid (vitamin 
C) and tartaric acid 1s found in tamarind paste 

Similarly, a common example of a base is washing soda (Na, 
CO,-10H,O) used for washing purposes. 

When acids and bases react in proper proportions, they give 
salts. Some examples of salts are: NaCl, BaSO, and NaNO,. NaCl 
(common salt) is an important constituent of our diet. It exists 
in solid state as a cluster of Na? and Cl ions held together by 
electrostatic interactions of oppositely charged species. (Fig. 8.1). 


a= 


i [9] ` wW 
af l 
C.O aL 
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Fig. 8.1 Dissolution of NaCl in H,0. Na" and Cl ions are stabilised by 
their hydration with polar H,0 molecules. 


The electrostatic forces between two charges are inversely 
proportional to dielectric constant of the medium. Water, 4 
universal solvent, has a very high dielectric constant of 80. Thus 
on dissolution of NaCl in H4O. The electrostatic interaction are 
reduced by a factor of 80 and this facilitates the ions to move freely 


in the solution. Morever, they are well-shaped due to hydration 
with water molecules. 


LLL t O OO 


~ 


he i 
p of solvation of ions produced. Although both HCI and 
"L OH are polar covalent molecules, the HCI is completely 


t into the constituent ions, while the latter is only partially 
on | (<5%): 

nie 

n 1 ARRHENIUS CONCEPTS OF ACIDS AND BASES 


ding fo Arrhenius theory, acids are substances that dissociate 

n T. ; 4 D 

ner (0 SVE H® (aq) ions and bases are substances that produce 
The ionisation of an acid HX(aq) is shown as: 


i ; ` 
3 1q) ions. 
or c HX(aq) —> H®(aq) + X° (aq) 


HX(aq) + H,O(I) —> H,O%(aq) + X^(aq) 
gê ions is a bare proton and is very reactive and does not exist 
„ely in aqueous solutions. Thus, it combines with oxygen atom 
fa solvent water molecule to give trigonal pyramidal hydronium 
jon. H,0° ((H(H;0)] j: 
similarly, a base molecule such as MOH ionises in aqueous 
solution as follows: i 


MOH(aq) —> M®(aq) ^ OH (aq) 
The OH ions also exist in the hydrated form in the aqueous 


solutions. 
$3.2 LIMITATIONS OF ARRHENIUS CONCEPT 


a. Itis applicable only to aqueous solutions and also does not 
account for the basicity of substances such as, NH, which 


does not have hydroxyl group. 
b. It fails to explain the acidic and basic character of the 


substance in solvents other than H,O, such as liquid NH,, 
liquid SO,, and alcohol. 

c. According to Arrhenius concept an acid gives H® ions in 
water. But H ion does not exist independently and combines 
with H,O molecule to form hydronium ion (H}0®). 

d. It fails to explain the acidic characters of certain substances 
such as CO,, SO,, and SO,, which do not have hydrogen 
atom. Similarly, it also fails to explain the basic characters 
of certain substances such as NH,, CaO and MgO, which 


do not have hydroxy! group. 
However, this limitation can be overcome in the presence 


of water acting as solvent. 
CO, + H,O ==> H,CO, (acid) 
SO, + H,O ==> H,SO, (acid) 
SO, + HO ——2 H;SO, (acid) 
NH, + H,O <=  NH,OH (base) 
CaO + H,O === Ca(OH), (base) 


83.3 HYDRONIUM IONS AND HYDROXYL IONS 


H* ion is a bare proton (~1 0-!5 m radius) with intense electric field, 
inds itself with the water molecule at one of the two available 
‘One pairs on it giving, and H,0®. This species has been detected 
many compounds (e.g., H,O? CI9) in the solid state. In aqueous 
Solution the H,0® is further hydrated to give species such as 
1.0.9. H_O,®, and H,O,°, &-8- n 
H,0® T H,O — HO, 
e 
H,O;? T H,O puis H70; 


2 ^ 
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ent of ionisation depends upon th 
ext pon the strength of the bond H,O,? + H,O —> H,O Pa 


O , . 
Similarly, the OH ion is hydrated to give several ionic species 


such as H,O,^ , H,O,”, and HOS: 
OH +H,0 — H,0,” 

H40;" + H,O — H,O," 

H,O,° + H,O —> H;O47 


Structure of H,O ^x 


ÓL—H--:0—H 
ZN Í 
O H EN H 
ALD O: 
H Z N 
H H H 


8.3.4 THE BRÓNSTED-LOWRY ACIDS AND BASES 


According to the Danish Chemist, Johannes Brónsted, and the 
English Chemist, Thomas M. Lowry, acid is a substances that 
donate H® ions and bases are substances which accept H® ions. 
In other words, acids are proton donor and bases are proton 


acceptors. For example, 


Adds proton 
® o 
NH(aq) + H2O(/) === NHa(ag + OH(ag) 
Base Acid Conjugate acid Conjugate base 
(Ca) (CB) 


Loses proton 
In the above reaction, H,O molecule acts as proton donor and 
NH, molecule acts as proton acceptor and thus is called Brónsted- 
Lowry acid and base, respectively. The solution is basic due to the 


o 
presence of OH ions. In the reverse reaction, H® ion is transferred 


e o e z 
from NH, to OH, thus NH, acts as a Brónsted acid, while OH 
acts as a Brónsted base. Such acid base pairs that differs only by 


^ 


one H ion is called a conjugate acid-base pair. Therefore, OH 


E 
is called the conjugate base (Cp) of an acid H,O and NH, is called 
the conjugate acid (C) of the base NH,. If Brónsted acid is a 
strong acid then its conjugate base is a weak base and vice versa. 
C, has one extra H? ion and each C, has one less H9. 
Ionisation of HCl in H,O: 

HCl(aq) acts as an acid by donating a H9 to H,O molecule which 
acts as a base. i 


Adds H®ion 
| Y Q 
HCl(aq) + H»O() === H30(aq) + CI? (aq) 
Acid Base CA Cp 


Loses H9 ion 
Therefore, H,O acts both as an acid and base. In case of NH,, 
with H,O it acts as an acid by donating a H® ion while in case of 
HCI, water acts as a base by accepting H? ion. Hence H5O acts 
as amphiprotic, i.e., 
. Similarly, HCO,°, HSO,°, H,PO,°, HPO/-H,PO,*, HS0,° 
re amphiprotic. 


8.12 Physical Chemistry acids, e.g., BF}, BBr,, AICI,, FeCl,, and GaCl, 


@ 
HCOÜ + HO = CO; + B30 


Acid Base CB CA 


| e 
HCOÜ + H;O s= H2CO;+ OH 
Base Acid CA CB 


Thus, a substance which acts both an acid as well as a base 


in different reactions is called amphiprotic. 
Table 8.1 Acid-base charge containing some conjugate acid-base 


ae 


^l 
"id 
ACIU 3 
à dee PRR AP ZI 


CIO, 
HSO,° (Hydrogen sulphate ion) 
CI? (Chloride ion) 
NO,° (Nitrate ion) 


HCIO, (Pèrchloric acid) 
H,SO, (Sulphuric acid) 
HCI (Hydrochloric acid) 
| HNO, Nitric acid) 


| H,O$ (Hydronium ion) H,O (Water) 
HSO ," (Hydrogen SO,” (Sulphate ion) 
| sulphate ion) 
H,PO, (Ortho H,PO,° (Dihydrogen 
| phosphoric acid) phosphate ion) 
| CH,COOH (Acetic acid) CH,COO° (Acetate ion) 
| H-S (Hydrogen sulphide) HS* (Hydrogen sulphide ion) 


| e 
| NH, (Ammonium ion) NH, (Ammonia) 


© 
| HCN (Hydrogen cyanide) CN (Cyanide ion) 


Increasing order of basic strength 


Increasing order of acid strength 


| PhOH (Phenol) PhO® (Phenoxide ion) 
© 
HO (Water) OH (Hydroxide ion) 
C,H.OH (Ethanol) C H09 (Ethoxide ion) 
© 
NH, (Ammonia) NH, (Amide ion) 


| © 
| CH, (Methane) CH, (Methinide ion) 


8.3.5 LEWIS ACIDS AND BASES 


G.N. Lewis, in 1923, defined an acid as a species which accepts 
electron pairs (or lone pairs) and base which donates an electron 
pairs. 

For bases there is not much difference between Brönsted- 
Lowry and Lewis concepts, as the base provides a lone pair in 
both the cases. However, in Lewis concept many acids do not 
have proton. 

Thus, all Brónsted-Lowry bases are Lewis bases, while all 
Brónsted-Lowry acids are not Lewis acids. 

For example, in the reaction between electron-deficient 
species BF, and NH,, BF, does not have a proton but still acts as 
an acid and reacts with NH, by accepting its lone pair of electrons. 

HN : + BF, — H,N : BF, 


Lewis Acids 


a. Compounds where the central atom has incomplete octet. 
This means all electron-deficient molecules can act as Lewis 


b. Compounds in which the central atom has available vacant 
orbitals, e.g., SnF,, SnCL, SnCl,, PF, PF,, SF,, and TiC] 

c. Simple cations such as, Ag®, Cu?*, AP*, Co?* and Mg» 
e.g, Cu?* + 4NH, —> [Cu (NH,),]** 

d. Compounds which have multiple covalent bonds, eg 
CO, (O=C=0), CS, (S=C=S)., SO, l i ni ? 


Under the influence of attacking Lewis base, one electron 
pair will be shifted towards more negative atom. 


bad 9 9 | 
=C=0 + OH —> O—C—OH 
Lewis acid Lewis base (HCO49) 


Lewis Bases 


a. All simple anions are Lewis bases, e.g., NO;, CIP OH. 

b. Molecules containing one or more unshared pairs of elect- 
rons (lone pairs), e.g., H20:, NH3, ROH, NX, and R,§:, 
are Lewis bases provided the octet of the central atom is 


complete. 
c. Multiple-bonded compounds which can donate the lone 


pair of electrons, e.g., 


:C=0, ‘N=O , CH,—CH,, CH=CH 


8.3.6 FACTORS AFFECTING THE STRENGTH OF LEWis 
ACIDS 


a. Nuclear charge on central atoms: 
More the nuclear charge on central atom more the Lewis 
acidic strength. 
b. Number ofelectronegative (EN) atom attached to the central 
atoms: 
More the number of EN atoms attached more is the acidic 
strength, e.g., SO, is more stronger acid than SO,. 
c. Increase in positive charge on ion make it relatively a strong 
acid. 
eg., Sn** > Sn** (acidic strength) 
Fe?* » Fe?* (acidic strength) 
d. When charge is same on the cation then the decrease in the 
radii of cation increases the acidic strength. 
e.g., Li? > Na? > K® (acidic strength) 
e. With increase in the nuclear charge, the acidic strength also 
increases. 
e.g., Li? < Be?' < B?* 
Note: All Brónsted bases are also Lewis bases but all Brónsted 
acids are not Lewis acids. 


8.4 HARD AND SOFT ACIDS AND 


. BASES (HSAB) 


Lewis acids and bases are further classified as Hard acids, Hard 
bases and soft acids, soft bases. 
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~~ cations (electrons accepting atoms) having high charge, and 
4 Electronegativity of A increases 


" „mall sizes are termed as hard acids, while cations (electron- 
„ccepting) atoms have less charge and large size are termed 
as soft acids. 

ALewis base where the electrons can be easily polarised or 

where the base holds its electrons weakly is called soft base, 
while those lewis bases where the electrons are not easily 
olarised OT where the base holds its electrons strongly are 
called hard bases. 

xamples of hard acids, hard bases and, soft acids, soft 


Pb? 


gue 8-2 E 


Soft bases 


R-S, RO, CN® 


Cd?*, Hg^* 
GaCl,, L, Br, 


R,P, I? 
RNS, 


C,H,, CH= CH 


34.1 USANOVICH CONCEPT 


According to Usanovich, an acid is a chemical species which reacts 
sith bases, gives up cations or accepts anions or electrons, and 
conversely a base is any chemical species which reacts with acids, 
gives up anions OT combines with cation. For example, 
SO, + NaO — Na SO, 
Cl, +2Na—> 2NaCl 
Fe(CN), + 4NaCN —> Na,[Fe(CN),] 


84.2 FACTORS AFFECTING ACID STRENGTH 


Extent of dissociation of an acid depends on the strength and 
polarity of the H-A bond. 

a. In general when strength of an H-A bond decreases, 1.e. the 
energy required to break the bond decreases, HA becomes 
a stronger acid. Also, when the H-A bond becomes more 
polar, i.e. electronegativity difference between the atoms 
H and A increases and there is marked charge separation, 
clearage of the bond becomes easier thereby increasing the 
acidity. 

b. However, while comparing elements in the same group of 
the periodic table, H-A bond strength is a more important 
factor in determining acidity than its polar nature. As the 
size of A increases down the group, H-A strength decreases 
and so the acid strength increases. For example, 


Size increases Size increases 
HF << HCl<<HBr<HI H,0< H,S < H,Se < H;Te 
Acid strength increases 


Acid strength increases 
c. For the elements in the same period of periodic table, 
H-A bond polarity decides the acid strength. 
As the electronegativity of A increases, the strength of the 
acid also increases. For example, 


___Electronega > 


CH, < NH, < H,O < HF 
Acid strength increases 

d. For the elements of different group and different period, 
H-A bond strength decides the acid strength, weaker the 
H-A bond stronger the acid. For example, 

HI > H,S > CH, 

e. For the oxo acids, HCIO, HBrO, HIO, as the electrone- 
gativity of halogen increases, the strength of acid increases. 
For example, 

HCIO » HBrO » HIO 
HCIO, > HBrO, > HIO, 
HCIO, > HBrO, > HIO, 
HCIO, > HBrO, > HIO, 
f. For the oxo acids, the acidic strength follows the order 
HXO, > HXO, > HXO, 7 HXO 
ie, HClO, > HCIO, > HCIO, > HCIO 


This is because the conjugate base stability due to more 
resonating structure is 


CIO,? > CIO,? > CIO;? > CIO? 
8.4.3 SALTS 


A substance which ionises in water to produce ions other than H* 
than OH? is called salt. 


8.4.4 TYPES OF SALTS 


a. Neutral salts: Aqueous solutions of salts which neither turns 
blue litmus red nor red litmus blue are called neutral salts. 
These are prepared by the neutralisation of strong acid and 
strong base, e.g. NaCl, K,SO,, and KNO.. 

b. Basic salts: Aqueous solutions of salts which turn red 
litmus blue are called basic salts. These are formed by the 
neutralisation of strong bases with weak acids, e.g., Na,CO;, 
and CH,COONa. 


c. Mixed salts: Salts formed by the neutralisation of one acid 
by two bases or one base by two acids are called mixed salts, 
e.g., Ca(OCI)CI. 

d. Double salts: A compound of two salts aqueous solution 
shows the tests for all constituent ions is called double salt, 
e.g. 

Mohr salt FeSO,-(NH,),SO yOH,O 
Potash Alum K,SO,Ai,(SO,),24H,0. 


e. Complex Salts: A compound whose solutions does not give 
tests for the constituent ions is called a complex salt, e.g., 
K,[Fe(CN),] and Li[AlH;] 


8.4.5 RELATIVE STRENGTH OF WEAK ACIDS AND 
BASES 


The relative strength of weak acids and bases are generally 
determined by their dissociation constants K, and K,, respectively. 
For weak acid, i.e. CH,COOH 


y» 
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CH,COOH —— cHCOO + H® 


C 0 0 
c-a) Ca Ca 
"m Ca:Ca_ Ca 
a (C(-a) Q-a) 
— K, = Co? (i£ a <<!) 
Similarly for weak base, i.e. NH,OH 
© 
NH,OH == NH,” + OH 
C 0 0 
C(1-a) Ca Ca 
KC a? 
K, and K, are the equilibrium constants and hence depend only 


on temperature. Greater the value of dissociation constant of the 
acid (K.,), more is the strength of the acid, and similarly, greater 
the value of dissociation constant base, more is the strength of the 
base. For two acids of equimolar concentrations 


Stength of acid _ [Ka 
Strength of acid (II) Ka 


Similarly, for bases 


Strength of base (I) _ Ky 
Strength of base (II) K, 


The modern method is to convert K „ as a power of 10 
and express acid strength by power of 10 with sign changed 
and call this new unit pk. Thus if K, for acid is equal to 10%, 
pK, - 4 so higher pK, value means lower acid strength, 


that is pK, =—log K, 
Also, pK, = -log K, 


8.5 CLASSIFICATION OF SOLVENTS 


a. Aprotic solvents, which can neither accept nor donate a 
proton, e.g., CC1,, CS,, benzene. 

b. Amphiprotic solvents, which can both accept and donate 
a proton, e.g., H,O, liquid NH,. 

c. Protic solvents, which have a greater tendency to accept 
proton, e.g., H,O, R—OH, liquid NH,. 


8.5.1 LEVELLING EFFECT 
Water acts as a very strong base because it has a great tendency 
to accept proton from mineral acids, as shown: 
HCI + H,O —— H,O? + cr 
H,SO, + H,O == HSO,” + ILO* 

Thus, all strong acids (e.g., HNO, HCI, H,SO,, HCIO,) react 
almost completely to form H,O® ion. 

Therefore, all strong acids in aqueous solution appear equally 
strong, i.e. acidic level for all acids are same. This is called 
levelling effect and water is the levelling solvent. Thus, the relative 


compared. 
When acetic acid is used as solvent instead of water, i; ; 
, 15 


found that the acidic strength of acid lowers and now the given 
acid in acetic acid becomes weak and thereby different acids will 
dissociate to different extent in glacial acetic acid. This is becays, 
of poor proton-accepting character of acetic acid. 
The acidic strength order is: 
HCIO, > HI > HBr > H,SO, > HCl > HNO, > H,0®> HSO,° 


e 
> H,PO, > HF > CH,COOH > H,CO, > H,S > NH, > HCN 


Write the conjugate bases for the following Brónsted acids. 
a. HF b. H,SO, c. HCO,° 


[Sol C, should have one H ion less in each case and therefore 
the corresponding conjugate bases are: 
b. HSO,° 


a. F9 c. CO 


Write the conjugate acids for the following Brónsted bases. 
© 
a. NH, c. HCOO* 


iN) C, should have one extra H? ion is each case and therefore 


b. NH, 


the corresponding C, are: 
® 


b. NH, c. HCOOH 


a. NH, 


The species H,O, HCO; HSO as NH, can act both as Brónsted 
acids and bases. For each case give the corresponding conjugate 
acid and conjugate base. 


Classify the following species into Lewis acid and Lewis base 
and show how these act as such. 


© 
a. OH b. F9 c. H® d. BCI, 
a. :OH isa Lewis base as it can donate an electron pa 


HO). . : 
b. (E ion acts as Lewis base as it can donate any one of 


the its 4 lone pairs. 


BI 


v 


^. g ion is Lewis acid as it can accept a lone pair of 


e 3 
electrons from bases such as OH and F? ions. 

g. BCI; acts as Lewis acid as it can accept a lone pair of 
electrons from species such as NH, or R NH, (amine) 
molecules. 


pr 


i) Inthe reaction of BeF, with 2F^ to form BeF,^', which 
reactant is the Lewis acid and which is the Lewis base? 
ii) Write the conjugate bases of the following acids. 


( o 
a, HCN b. NH; 
c. C,H,OH d. HCO}? 
(iii) Write the conjugate acids of the following DES. 
a. C,H;N b. NH; 
k HCOS d. CH,COOH 


(iv) Liguid NH,, like water, is an amphiprotic solvent. Write 
the equation for the auto-ionisation of NH}. 


(i) BeF, is the Lewis acid since it can accept lone pair of 
electrons from F9, and F? is the Lewis base. 
(ii) In each case, the Cp is derived from the acid by loss of 


a proton. 
a. CN? b. NH, 
c. C)H,O? d. COZ 
(iii) In each case, the C, is formed from the base by the 
addition of a proton. 
@ 2+ 
a. C,H, NH b. N)H, 
c. H,CO, d. CH,COOH? 


(iv)2NH, =— NH,’ +NH, 


Aniline (C,H.NH,) is an weak organic base acid in aqueous 
solution. Suggest a solvent in which aniline would become a 
strong base, 


[7 A solvent is needed which has appreciably stronger acid 
properties than H,O; one such solvent is liquid acetic acid 


(CH,COOH). 


Would each of the following ions in solution tend to produce an 
acidic, basic, or a neutral solution? 


a. CH,COO® b. Na? 
c. $0,426 d. F? 
e. NH; 


Note: Weaker is acid or base, stronger will be its conjugate 
basis or acid. 
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(a., c. and d) are basic. Each is the conjugate of 
b. is neutral it is the conjugate of a strong, hase 
e. is acidic, it is the conjugate of a weak base. 


a weak acid 


There is a little difference in acid strength of H,PO,, HPO, and 
H,PO,. Explain. 


Sol. | In general, with increase in oxidation number, acidic 


strength of oxyacids of both metals and non-metals, 
increases except in the acidic strength of oxyacids of 


phosphorous 
H,PO, > H,PO, ^ H,PO, 
O0 () 
o 4. 4 
JPN zT 
H H HO | H HO |, OH 
O OH OH 
(I) (1I) (IIT) 
(H,PO,) (H,PO,) (H,PO,) 


This is due to the fact that the number of P-OH group per 
P = O increases from one in H,PO, to 2 in H,PO, and 3 in 


H,PO,. The P-H bond is almost non-polar. The polar nature 
ó -ô 
of P —O group polarises the P-OH bonds. Therefore 


as the number of P-OH bonds increases, acidic strength 
decreases slightly. Moreover the electronegativities of P and 
H are almost same, thus P-H bond is not polarised. Hence 
no great differences in acidic strengths are expected. 


jh. ania 
ct) ME 


The self ionisation constant for HCOOH is 10" what percentage 
of HCOOH are converted to HCOO* ion. The density of HCOOH 
is 1.22 g mL. 


SU) Mw of HCOOH = 46.0 g 
Mass of HCOOH = V x d= I mL x 1.22 g 
Mass of HCOOH per L = 1.22 g x 10° mL 
= 1220 g. 
Moles of HCOOH = Mass 
Mw 
_ 1220gL! 
46.02 
= 26.5 mol L'! = 26.5 M 
2HCOOH = HCOO- + HCOOH,® 
K,-[HCOO ][HCOOH?] 
10 = [HCOO |] [HCOOHT] 


Since each ion is produced in equal number of moles 
Therefore, 


[HCOO:' ] = [HCOOH,?] = 102 M 
% dissociated to HCOO" ion i 


_ {107M 
7 x 
End ii 


7 0.00494 


fd 
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8.6 IONISATION OF ACIDS AND BASES 


D 
8.6.1 THE IONISATION CONSTANT OF WATER AN 
ITS IONIC PRODUCT 


o 
o. f 
H,O is amphiprotoic and gives H,O* and OH as a result o 


self- ionisation. 


(©) 
H,O() + H,O0() == H,0°(aq) + OH (aq) 


Acid Base Cy Cg 
The dissociation constant is represented by: 
[H,O] 


The concentration of H,O is omitted from the denominator 
as water is a pure liquid and its concentration remains constant. 
[H,O] is incorporated with in the equilibrium constant to give a 
new constant, K „ which is called the ionic product of water, (or 
auto protolysis constant) which increases with the increase of 


temperature. 
© 
-. K[H,OT = [H,0®] [OH] 
K, = [H,09] [OH] 


The concentration of [H9] = [O H] = 1.0 x107 M at 298K. 

Thus, the value of K, at 298 K. 

K =(1 x 10-7? = 1 x 1074 M2. 

-log K, = pK, „= -log(1071^) = 14 

^ pXkw = 14 

The value of K, is temperature-dependent and it is an 
equilibrium constant. 
Density 

Mw 


_{ 1000gL' 
18.0 g mol” 
= 55.55 M 
Therefore, the ratio of dissociated H,O to the undissociated 
HO is 
107 
55.55 


Thus, equilibrium lies mainly towards undissociated water. 
Therefore, acidic, neutral, and basic aqueous solutions can 


The molarity (M) of pure H,O = 


= 1.8 10? or~2 x 1079. 


© 
be distinguished by the relative values of the H,0® and OH 
concentrations: 


Acidic: [H,0®] > [OH] 
Neutral: [H,O9] = [OH] 
Basic: [H,O®] < [OH] 


Temperature (^C) => 0 10 20 25 30 40 50 
K,, (* 1071) 0.114 0.292 0.681 1.008 1.468 2.919 5.474 


8.7 THE pH SCALE 


Soren Sorensen (1909) introduced the pH scale to determing , 

concentration of H,O® in the solution. The pH ofa solution s i 
negative logarithm to the base 10 of the concentration of He > 
which it contains. ; 


Basically ‘p’ acts as a mathematical operator: 
p(A) = —log fA] 


pH = -log, [H9] and pOH = -logol OH] 
At 25°C (298 K), using this definition, a scale called pH Scale 
is developed as follows: 
For pure H,O: [H®] = [OH ]=107M 
pH =- log,,[10-7]= 7 = pOH 
For pure water at 25°C: pH = pOH = 7. 


a. If [H®] > 107 M in a solution, i.e. solution is acidic, then 
pH <7. 


b. If [H®] < 1077M in a solution, i.e. solution is basic, then 
pH>7. 


9 


10 Il 


Acidic solution 


Acidity increases 


RE 


In general, pH of a solution describes whether it is basic or 
acidic. 


For an aqueous solution, pH + pOH = pK, ^ 14 
[K,,=1 x 107^ at 25°C] 
As temperature increases, both pH and pOH of pure water 


decreases since there will be an increase in [H9] and [OH] due 
to increased dissociation. 


A change in pH by just one unit means change in [H°] by 
a factor of 10. Similarly, when [H9] changes by a factor of 100. 
The value of pH changes by 2 units. That is why the change in pH 
with temperature is often ignored. 


The pH of solution can be found roughly with the help of pH 
paper that has different colours in solutions of different pH. Now- 
a-days, pH paper is available with four stripes on it. The different 
strips have different colours at the same pH. The pH in the range o! 
1-14 can be determined with an accuracy of ~0.5 using pH pape 


For greater accuracy, pH meters are used. pH meter is à device 
that measures the pH-dependent electrical potential of the test 
solution within 0.001 precision. 


Measurement of pH of a solution is very essential as its value 
should be known when dealing with biological and cosmetic 
application. 


| 


p 


~2.2 

~ 310 
Tomato juice 
Black coffee BO ul 


~1.0 
~0 
~1.2 
5.0 
uc c WEE uU 
6.8 
7.4 
7.8 
10 
13 


Lemon juice 
Soft drinks and vinegar 


Milk Pee oe 
Human blood he Si 


Egg white, sea water BUS cd 


Milk of magnesia 


Lime water 
0.1 M NaOH solution er NEN 


Saturated solution of NaOH 


37.1 ACIDITY AND PH SCALE 


acidic strength means the tendency of an acid to give H,0® or 
c in water and basic strength means the tendency of a base to 


sve OH ions in water. So more the tendency of the substance to 


ave HÊ or OH ions, more will be the acidic or basic strength of 
ie substance. 

Many properties of aqueous solution depend on the 
concentration of H,0® or H® ions in the solutions and therefore 
tere is a need to express these concentrations in some other 
zmpler terms. For this purpose, Sorenson introduced the concept 
£pH. pH is the negative logarithm of activity of H® ions. 

-. pH = -log a,,@ (where ap® is the activity of H® ions). 

. Activity of H® ions is the concentration of free H® ions or 
5.0* ions in a solution. By free, we mean those HÊ (or H,09) 
tat are at a large distance from the other HÊ or H4O ions, so 
& not to experience its pull. We can infer from this that in dilute 
‘lutions, the activity of an ion is same as its concentrations since 
dore number of solvent molecules would separate the two ions. 
5: for concentrated solutions, the activity would be much less than 
7€ concentration itself. Therefore, the earlier given expression of 
pH can be modified for dilute solutions as, pH = -log [H®]. This 
“sumption can only be made when the solution is very much 
"e i.e. [H9] € 1 M. For higher concentration of H® (or H,09) 
‘Ns, one needs to calculate the activity experimentally and then 
"alculate the pH. 


Thus, for dilute solutions, pH = -log[H?] = -log[H4O€] 


and POH = -Jog[ OH ] 
For pure water, pH = -log 1 x 107 — 7 log 10 — 7 
“ie enson devised a scale called pH scale for measuring the 
ity of a solution. The scale was marked from 0 to 14 with 
nie point at 7. pH — 7 represents a neutral solution, pH « 7 
Presents an acidic solution and pH > 7 implies alkaline solution. 
5 scale was devised keeping water as solvent at 25°C. If the 


temperature and the solvent are change 
will also change. 


Ionic Equilibrium 8.17 
d, the pH range of the scale 


8.7.2 PH OF STRONG ACIDS OR STRONG BASES 


a. In calculating [H409] in an aqueous solution of strong 


® 
acid, the strong acid is the only significant source of H,O 


-6 
unless the solution is extremely dilute (e.g, «10 ^ M) and 
accordingly pH can be calculated. 


b. In calculation of (OH] in an aqueous solution of a strong 


© 


base, the strong base is the only significant source ofO 
unless the solution is extremely dilute [OH] < 1075 M. 


c. Total [H,09] or [OH] in mixture of strong acids or strong 
bases. 


and pH can be calculated accordingly. 

The resultant solution of a mixture of strong acid (normality 
N, and volume V,) and strong base (normality N, and 
volume V) 


i. is neutral if N,V, = NV, 

ii. is basic if N,V, > NA. 

NV, - NY, 
ntn 

iii. is acidic if N,V, > N, V2- 

NV, - Nob 
Vy +n 


© 
^TOH] resultant = 


-. [H0] resultant = 


8.7.3 LIMITATIONS OF PH SCALE 


The pH values of the solutions do not give the exact idea of their 
relative strengths. For example 


a. A solution of pH = 1, has [H?] 100 times than that of a 
solution of pH = 3, and not 3 times. 


b. A 4 x 10? M HCI is twice concentrated as compared to 
2x 10° M HCI solution but the pH values of these solutions 
are 4. 4 and 4.7, respectively, and not double. 


. pH = 0 is obtained in 1 N solution of a strong acid, but tor 
concentrations 2 N, 3 N, 10 N, etc, the value can be negative 
too. Similarly, for a concentrated solution of a strong base 
(>1 M), pH can be greater than 14. | 


. A 107 M and 105 M solution of strong acid can not have 
pH = 7 and 8, respectively 


(See section 8.7.5). 
Note: In solving pH of solutions or in calculating the 


(©) 
concentration of H® or OH, the value of logarithm of some 
commonly used numerals must be remembered 


log 2 = 0.3010 = 0.3 
log 3 = 0.4771 = 0.48 
log 5 = 0.6990 x 0.7 


‘A wu 


-3 
8.18 Physical Chemistry i pOH ue -log(2 x 0.3 x 107N) 


log 7 = 0.8451 = 0.85 T 
Ji0 23.162, 2.21414, 4821.732, 45 = 2.236 


The concentration of hydrogen ion in a sample of 
3.8 x 102 M. What is its pH? 


IBID pH = -og [3.8 x 107] 7 -ogG-9 - log(1077) 
-.0.58-(-3) = 242 


soft drink is 


pH - 2.42 (solution is acidic) 


Calculate the pH of the following solu-tions. 
a. 1072 M HCl b. 10? MH,SO, 


c. 0.2 x 102 M NaOH d. 0.3 x 10? M Ca(OH), 


IUS Since HCI is monobasic strong acid, and is completely 
ionised 
a. pH =-log (10) =2 
b. Since H,SO, is dibasic strong (n factor = 2). Therefore 
concentration of HÊ ions = 2 x 102 N 


H,SO, —> 2H® + so 
Initial 107M 0 0 
Final 0 2x 103M 10° M 
pH =-log(2 x 10°) = -log 2 — log (103) 
=—0.3+3=2.7 


c. First method: 


Since NaOH is monoacidic strong base, so 


iS) 
[OH] = 0.2 x 102 M - 2 x 103. 


So, first calculate pOH of NaOH and then calculate pH 
accordingly. 


pOH = -log [OH] = -log(2) — log(10-3) 
=-0.3+3=2.7 

pH = 14- pOH= 14-2.7= 11.3 

Second method: 

First calculate [H,0®] and then calculate pH accordingly. 


K,, = [H,O*][OH] 


o K lo? 
A [HOS] = -—==-__ 
[OH] 2x10 
=0.5 x 1071 2 5 x 10-12, 
~. pH = -log 5 - log(10712) = -0.7 + 12 = 11.3 


d. Since Ca(OH), is diacidic strong base, thus 


o 
[OH] 22 x 0.3 x 10-3 N (n factor = 2) 
Or 
Ca(OH), —— Ca? + 20H 
Initial 0.3 x 102 M 0 0 


Final 0 03x10? 2x03x 103M 


= —log(6 x 104 N) 

= -log (3 x 2) - log (10) 

=—log 3- log 2 +4 

= —0.48 —0.3 + 4 = 3.22 
Therefore, pH = 14 — 3.22 = 10.78 


Calculate the concentration of hydrogen ion in the acidic solution 
with pH. 
a. 4.3 b. 5.8239 


_ pH = -log [H,0®] 

. log [H,09] 2-43 24-03 € 1-1 
= 5.7 

^. [H,0®%] = Antilog (5.7) 

=5x105N=0.5 x 104N 
b. pH - -log [H,0®] = 5.8239 

~. log [H,O®] = —5.8239 = -5 — 0.8239 + 1 — I 

— 6.1761 


-. [H09] = Antilog( 6.1761 ) 
-15x10$N 
c. pH--log [H,O] = 3.155 
~ log [H,09] = -3.155 2 3 -0.155+ 1-1 
= 4.845 
~. [H,0®] = Antilog (4.845) 
| =7x104=0.7x 103N 


€, 3.155 


^ 


Calculate the concentration of OH in the solution of base with 
pH. 


a. 10.4771 b. 12.301 c. 11.8451 


“Sok; | Since the solutions are basic, so first calculate pOH of the 


© 
solution and then calculate [OH] accordingly. 
a. pH = 10.4771 


POH = 14 — 10.4771 = 3.5229 
o 
pOH = -log [OH] = 3.5229 


-. log [OH] = -3.5229 = -3 — 0.5229 + 1-1 
= 4.4771 
© 
^. [OH] = Antilog (4.4771) 
73x10*-203x103N 
c. pH = 12.301 
pOH = 14 - 12.301 = 1.699 
pOH = -log [OH] = 1.699 
2) 
-. log [OH] =-1.699 -—1— 0.699 - 1.1 
= 2.301 


. [OH] = Antilog (2.301) 
22x102N-02x I0 N 
y= 11.8451 
jOH = 14 - 11.8451 = 2.1549 


poH = -log[OH] = 2.1549 


e 
- log[ OH] = —2.1549 =- 2 — 0.1549 + 1-1 
— 3.8451 


n [OH] = Antilog (3.8451) 
=7x 10°N=0.7 x 107 N 


alate the pH of the following mixtures of strong acids, strong 
s, and combination of both. 


a. 500 mL of 0.1 M HC1+ 200 mL of 0.1 MH,SO, + 300 
mL of 0.2 M HNO, . 

b. 100 mL of 0.1 M HCl + 100 mL of 0.2 M H5SO, + 100 
mL of 0.1 M HNO, and 700 mL of H5O. 

c. 500 mL of 0.1 M NaOH + 100 mL of 0.1 M Ca(OH), 
+ 400 mL of 0.2 M KOH. 

d. 100 mL of 0.1 M NaOH + 200 mL of 0.1 N Ca(OH), 
+200 mL of 0.1 M KOH and 500 mL of H,O. 


e. 100 mL ofO.1 MHC1+ 300 mL of 0.1 MH,SO, + 100 
mL of 0.3 M Ba(OH), and volume was made to 1 L by 
adding water. 


£ 500mLof0.1 M HCl + 100 mL of 0.1 NH,SO,+ 400 
mL of 0.1 M Ca(OH),. 

g. 8 gof NaOH + 680 mL of 1 M HCl * 10 mL of H,SO,, 
(specific gravity 1.2, 49% H,SO, by mass). The total 
volume of the solution was made to 1 L with water. 

h. 37.0 g of Ca(OH), + 360 mL of 1 M HCI + 10 mL of 


H,SO, (density — 1.4. 49% H,SO, by mass). The total 
volume of the solution was made to 1 L with water. 


a. Allare strong acid and completely ionised. 
Total volume = 500 + 200 + 300 = 1000 mL 
N,V, + NV, + NV, = NAVa 
NV + NV; + Ny, 
4 U4 ha tV) 
(Vm Yt Ka t Iam 1000 mL) 
0.1x1x500+0.1x 2 (n factor) x 200 


+0.2x1x300 
i 1000 
_ 50+40+60 _ 150 15,19? N 
1000 1000 


pH- -log [H,09] 
= Jog (15 x 10°) 
= -log (5 x 3) -log (1077) 
=-0.7-0.48+2= 0.82 


Tonic Equilibrium 8.19 


b. Total volume= 100 + 100 + 100 + 700 mL H,O 


= 1000 mL 

100 x 0.1 x1 +100 0.2 2 (6 factor) 

4100 01x 
1000 
10+ 40+10 _ 60 -6x10?N 
1000 1000 ; 

-, pH = -log (6 x 102) =—log G x 2) -log 10" 
- log 3 -log 2 + 2 
— 0.48 -0.3+2= 1.22 


All are strong bases and completely ionised. 


NC 


o 
Thus first calculate [OH] and pOH than calculate pH 
accordingly 


500 x 0.1x1-- 100 x 0.1x 2 (n factor) 
4 400x 0.2 x1 


500 + 100 + 400 
B 50+20+80 _ 150 


A99 .15x10?N 
1000 1000 


N, = 


-. pOH = -log [OH] = log (15 x 10?) 
= -log (5 x 3) -log 107 
= log 5 -log 3 + 2 
=—0.7 — 0.48 +2 
= 0.82 

s pH = 14- 0.82 = 13.18 


d. Note: Solution of Ca(OH), is given in normality so 


need not to be multiplied by ‘n factor’ 
_ 100 x 0.1 x1 + 200 x 0.1x1+ 200 x 0.11 
3 100 + 200 + 200 + 500 mL of H,O 
T 10-20-20 _ 50 


99 28x10" 
1000 1000 


<. pOH = -log [OH] = -log (5 x 107) 
= log 5 -log 107 
=-0.7+2=1.3 
n pH = 14-1.3 = 12.7 
Here, mixture of strong acid and strong bases is given. 
So first calculate the mEq of acids and bases. 


i. Ifthe mEq of strong acid is in excess, then calculate 
the pH from the concentration of [HF] lett. 


ii. Ifthe mEq of strong bases is in excess, then calculate 


the pOH from the concentration of [OH] left and 
then calculate pH accordingly. 


Total mEq of strong acids 
= 100 x 0.1 x 1 + 300 x 0.1 x 2 (n factor) 
= 10 + 60 = 70 mEq 
Total mEq strong base = 100 x 0.3 x 2 (n factor) 
— 60 mEq 


8.20 Physical Chemistry 
mEq of strong acid left = 70 — 60 = 10 mEq 
Total volume of solution = 1 L= 1000 mL 
10 2 
uec) N 
B 1000 


pH = -log(10?) = 2 
f. Proceed as in part (e). 
(Here H,SO, is given in normality) 


Total mEq of strong acid = 500 x 0.1 x 1+ 100 
x01 x1 


= 50+ 10 = 60 mEq 

e= 400 x 0.1 x 2 (n factor) 
= 80 mEq 

mEq of strong base left = 80 — 60 = 20 mEq 


Total volume of solution = 500 + 100 + 400 
= 1000 mL 


Total mEq of strong bas 


-. pOH= -log (2 x 10?) 
- -Jog 2- log 10? 
=-0.3+2=1.7 
Thus, pH = 14 - 1.7 = 123. 


8 
g. Moles of NaOH = 40 (Mw of NaOH - 40) 


= 0.2 mol = 200 mmol 
N _ % by weight x 10x d 


H,SO 
2774 Ew, 


| 49x10x1.2 

7 49 
mEq of H,SO, = 12 N x 10 mL = 120 mEq 
mEq of HCl = 680 x 1 x 1 = 680 mEq 
Total mEq of acid = 120 + 680 = 800 mEq 
mEq of acid left = 800 — 200 = 600 mEq 
Total volume = 1000 mL 


=12N 


600 
^ [H®] = ——=6x10" 
[H9] = = 6x10"'N 
pH = -log(6 x 10) =—log (3 x 2) - log 107! 


=-log 3-log2+1 
= 0.48 - 0.3 + 1 = 0.22 
h. Mw of Ca(OH), = 74 


74 
Ew of Ca(OH), = £3 —37g Eq"! 


3 
Eq of Ca(OH), = = = ] Eq = 1000 mEq 
N _ % by weightx10xd — 49x10x1.4 
H2S04 717 d" m 
2 
=14N 

mEq of H,SO, = 14 N x 10 mL = 140 mEq 
mEq of HCl = 360 mL x 1 N = 360 mEq 
Total mEq of acid = (140 + 360) = 500 mEq 
mEq of base left = 1000 — 500 = 500 mEq 
Total volume = 1000 mL 


e 500 -1 
| _ 500 o5N- 5x10" N 
^ [OH] = 7900 


o 
pOH = —log [OH] 
= -log (5 x 10-5 
= -Jog 5 — log 10-1 2 —0.7 *1203 


Thus, pH = 14 — 0.3 == 13.7 


8.7.4 CALCULATION OF THE AMOUNT OF STRONG 
ACID OR STRONG BASE (WHEN THE PH or, 
SOLUTION IS GIVEN) 

If the pH of the solution is in acidic range (< 7) then the 

concentration of H® in normality is calculated. 

Strength (g L^!) = N x Ew or M x Mw 
(Ew = Equivalent weight, Mw = Molecular weight) 
If the pH of solution is in basic range (77), pOH and then 


the concentration of OH in normality, is calculated . Then again 
Strength (g L~!) = N x Ew or M x Mw 
For example: 
i. pH of HCl is 4.7. The amount of HCl in 1 L of solution is 
pH = -log [H9] = 4.7 
log[H9] 2 4.7 2 -4-0.7 * 1-1— 53 
[H9] = Antilog(5.3) =2 x 10° N 
Strength of HCI= 2 x 10? x 36.5 
(Mw = Ew of HCl = 36.5) 
=73 2107 gL. 
ii. pH of NaOH is 10.48. The amount of NaOH per litre solution 
is: 
pH = 10.48 
pOH = 14 — 10.48 = 3.52 


o 
-log[ OH] = 3.52 
© 
log[OH] =-3.52 = -3 — 0.52 + 1 — 1 = 448 


fs | 
[OH] = Antilog(4.48) =3 x 1074 N. 
Strength of NaOH= 3 x 10-4 x 40 
(Mw = Ew of NaOH = 4 
= 120 x 104=12x 10? gL^ 


a. 
pb amount of H,SO, must be dissolved !? 
mL of solution to have a pH of 2.15? 


b. e 
What amount of KOH must be dissolved in 200 mL c 
solution to have a pH of 12.3? 


c. at g 1 
ba M i NA of Ca(OH), must be dissolved !” 
mL of solution to have a pH of 13.85? 


a. pH=2.15 
-log[H9] = 2.15 
log[H®] =- 2.15 =-2 -0.15 + 1 — 1 = 3.85 


[H9] = Antilog (3.85) = 7 x 103 N 


Ionic Equilibrium 8.21 ^ 


strength of H,SO, (g L-) = N x Ew 
Ew of H,SO, = 98 - 49) 
2 


27x10? x 49 = 0.343 g L^! 

0.343 x 500 mL 
= = mL = 0.1715 g/500 mL 
Alternatively: 


strength of H,SO, (g L') 
M x Mw 


n 


-3 
Cm N) 
2 


107 
ibe x98 =7 x 103 x 49 g L7! 


^ 


— 


7x10^ 
= g/500 mL = 0.1715 g/500 mL 


> 


- 


b. Since pH >> 7 (basic solution), first calculate pOH 


and [OH]. Then calculate amount of KOH/200 mL 
pH = 12.3, pOH = 14- 12.3 =1.7 


-log[ OH] = 1.7 
lg[OB] = -1.7=-1-0.7+1-1= 23 


[OH] = Antilog(2.3) =2 x 10? N. 

Strength of KOH (g L”) 
-Nx Ewor Mx Mw (Mw = Ew of KOH = 56 g) 
-2x102x56gL 
_ 2x10? x $6 x 200 mL 
7 1000 mL 
= 0.224 g/200 mL 


74 
c. [Mw of Ca(OH), = 74 g, Ew of Ca(OH), = > = 37 8] 
pH= 13.85, pOH- 14- 13.85 - 0.15 


g/200 mL 


log[OH] =-0.15+ 1-17 1.85 


=j 
7x10 M 


[OH] = Antilog (1.85) =7 x 107 N or 
Strength (g L^!) = (7 x 10N x 37) gL" 
zi 
or = 274) gL 


7x107! «37 x100 mL 
JAW a 
Hu 1000 mL 
= 2.59 g/100 mL 


g/100 mL 


8.7.5 CALCULATION OF PH AND CONCENTRATION 
es 

or [H?] oR [OH] (WHEN EQUAL VOLUMES 

OF TWO OR THREE SOLUTIONS or KNOWN PH 


ARE MIXED) mM 
Case I; When equal volumes of two solutions with known pH 
à given, the final volume becomes double and concentration of 


© 
i or [OH] is halved. 


© 
Thus, calculate the total concentration of [H®] or [OH] and 
then divide by 2. 


Case II: When equal volumes of three solutions with known pH 
are given, the volume becomes three times and concentration final 
[H9] or [OH ] becomes 1/3. Thus, calculate the total concentration 
of [H9] or [OH] and then divide by 3. 
Example: 
Case I: Equal volumes of two solution with pH = 2 and pH = 3 
are mixed. The final pH of solution is 

pH = 2, .. [H9] = 107 N 

pH =3, .. [H9] = 10? N 

-2 -3 
Final [H9] = me 


-2 
2 dudit 2107 
2 2 


= 0.55 x 102 =55 x 10% 
<. pH of final solution = -log (55 x 10+) 
= -log 55 — log 10% 
=-].74+4=2.26 
Alternative approximation method: 


When the difference in two pH is one. Take the average pH and 
subtract 0.24 to get the exact final pH. 


: 243 
Approximate final pH = E 22.5 


Actual pH final = 2.5 — 0.24 = 2.26 
If the two pH are 3 and 4. The final pH is: 


f 3+4 
Approximate final pH = NS =3.3 


Actual final pH = 3.5 - 0.24 = 3.26 
Checking of actual pH: 
doa E 
Final [H®] = (ener = 2 (12-107) 
= 0.55 x 102 = 55 x 10° 
Final pH. — -log (55 x 10) 
= -log 55 - log 10° 
= —1.74 + 5 = 3.26 


Case II: Equal volumes of three solutions with pH = 1, 2, and 3 
are mixed. The final pH of solution is 


pH=1, [H®]=10'N, 
pH=2, [H®]= 10>? N 
pH=3, [H®]= IO? N 
ve cO ay 107 
Final [H9] = (107 +10% +107) 
3 
LR 
a (1+ 0.1 4 0.01) (neglect 0.01) 
= 1, 107! 
3 


= 0.366 x 10-1 N = 366 x 10^N 


8.22 Physical Chemistry — — a 
See Oe ——- 


PER = 
pH of final solution = -log (366 x 10 ) 

= -log 366 - log 104 

= 2.5635 + 4 = 1.4365 ~ 1.44 


Alternative approximation method: 
When the three pH differ by one unit, take the average pH and 
subtract 0.56 to get final exact pH. 


Approximate final pH = M ud 


1+2+3_5 


Actual final pH = 2.0 — 0.56 = 1.44 
If three pH are 2. 3, and 4. Then final pH is 


Approximate final pH = 


24344 
3 


=3 


Actual final pH = 3.0 — 0.56 = 2.44 
Checking of actual pH: 


Final [H] = 


— 07 «107 +107) 
3 


10° 


ims (12- 0.1 4 0.01) (neglect 0.01) 


= xao = 0.366 x 10? = 366 x 10° 


Final pH = -log (366 x 10-5) 


= —2.5635 + 5 = 24365 = 2.44 


Calculate the pH of solution made by mixing equal volumes of: 


Lc n" 


Two solutions having pH - 1.5 and 2.5. 


. Three solutions having pH - 1.5, 2.5, and 3.5. 


Two solutions having pH - 8 and 9. 
Three solutions having pH = 8, 9, and 10. 
Two solutions having pH = 2 and 4. 


Three solutions having pH = 2, 4, and 6. 


The two pH values differ by one unit. 


(1.542.5) _ 
mue 
Actual final pH = 2.0 — 0.24 = 1.76 
Checking final pH: 


Approximate final pH — 2 


pH=1.5, log[H*]--1.5--1-0.5* 1-17 2.5 
[HP] = Antilog(2,5) «3* 10? N 
pH-2.5, log (H®]=-2.5=-2-0.5+1-1= 3,5 
[HP] = Antilog(3,5) ~3 10 ? N. 
34107 43«10^? 
Final [H] = (3x10 49x19 J 
2 
3x10? 
= 1 4 0.1 
5 [ ] 
1.1 


LI-x3x10* 
2 


p — M E LE ee EN 
20,55x3x102255x3- 104 


pH- -log (55) - log 3 - log 10 
14 — 0.5 + 4 (taking log 3 = 0.48 ~ 0.5) 
-.224*421.76 


. The three pH values differ by one unit 


(1.54 2.5 4 3.5) 
Approximate final pH = — — 4 — 


Actual final pH = 2.5 — 0.56 = 1.94 
Checking final pH: 

Proceed as above in part (a). 

pH = 1.5, ~. [H] ~ 3 x 107 N 

pH 7 2.5, ~. [H9] = 3 x 10? N 

pH =3.5 ~. [H] ~ 3 x 10^ N 


EC 
; 725 


3x (107 4-10? +107) 
3 


3x10? (1 + 0.1-- 0.01) (neglect 0.01) 
3 


Final [H9] 


1.1x3 192 
3 


= 0.366 x 3 x 10? = 366 x 3 x 107. 
pH = -log(366) — log 3 — log 10> 
= 2.5635 — 0.5 + 5 (taking log 3 = 0.48 = 0.5) 
= 3.0635 + 5 = 1.9365 = 1.94 
pH = 1.94 
Although the pH values are in basic range, so pH of 


mixture can be calculated as when pH values are m 
acidic range. 


Approximate final pH = Lau) 8.5 


^ 


Actual final pH = 8.5 — 0.24 = 8.26 
Checking final pH: 
pH =8 ~. [H9] = 105 N 
pH =9 .. [H9] = 10? N 

-8 -9 
Fina [u$] = £9 719 2 


3 


- 


= = x10°N 


=0.55 x 10% = 55 x 10-9 N 

pH = -log (55) — log 10-'° = -1.74 + 10 = 8.26. 
Proceed as in part (c). 

(8+9410) _ 


3 
Actual final pH = 9.0 — 0.56 = 8.44 


Approximate final pH = 9 


checking final pH: 
(1073 10^? +1971 
Final [H?] = —— 
10° (1 + 0.1 + 0.01) 
ex TUUM = (neglect 0.01) 


1.1 


x107* 20.366 x 105 = 366 x 10-1! 


pH = log (366) — log 10*!! 
= —2.5635 + 11 = 8.4365 = 8.44 


e, Thetwo pH values do not differ by one unit, so calculate 


the pH directly 
107 +10% | 10? 3 
[E] = 2 )- 2 a *10 ) 
(neglect 10?) 
-2 
«1 wisi 


pH = -log(5 x 103) =-0.7+3=2.3 


f. Here also, the three pH value do not differ by one unit, 
so calculate the pH directly. 


zd E E E 
[A] ota = (10 v0 +10") 10 +107 +107) 
(neglect 10? and 1074) 

107 


3 


~ 


pH =- log 107? + log 3 
=2+0.48 
pH =2.48 


8.7.6 CALCULATION OF PH OF EXTREMELY DILUTE 
(«1075 M) SOLUTION OF STRONG ACIDS AND 
STRONG BASES 


The pH calculation of 1077 M or 1075 M HCI! is not correct, since 
PH of 1077 M and 108 M HCI! will be 7 and 8, respectively. 
But any acid solution cannot behave neutral (pH — 7) and basic 
(pH = 8). 


Since the [H®] in any acid solution would always be more than 


the [H9] in water alone, therefore, the pH of such dilute solutions 
ate calculated as follows: 


Method I 


The concentration of H® or H,O” ions from pure water is 

07 M. So add the H® ion concentration from water and H® 
, ® 

(or H,09) ion concentration from HCI to get the [H ssi: 


"s IH Tod = [H? ]uc, m [P Tous 
=107M+107M 
=2x107M 

pH = -log Bst 

- -log(2 x 1077) 
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= log 2 — log 1077 
= —0.3011 + 7 = 6.6989 


Though the method appears to be correct but there is a mistake 
in it. According to Le Chatelier's principle, which states that when 
concentration of a reactant or product is changed, the reaction tends 
to go forward or reverse to finally establish equilibrium. 

In this case, by adding 10 7 M HCI to water, the concentration 
of [H9] increases, which makes the reaction to go in the reverse 
direction. Therefore, the [H9] from water would become less than 
1077 M. So, this method gives incorrect result. 

Method II 


The statement given above that the addition of an ion to an 
equilibrium having the same ion makes the equilibrium move In 
a direction to consume the ion is called the common ion effect. 
This implies that water would dissociate less in the presence of 
HCI. Alternatively, due to the common ion (H®) or (H,0%), the 
suppression of ionisation of H,O takes place in presence of HCI. 


Let [H,09] = [OH] =xM 


2H,0() == H,0%(aq) + OH (aq) ..(i) 


x x 
HCl(aq) + H00) == H,0%aq) + Cl^(ag)...(ii) 
107 M 107 M 


[H4O9],,,,, from equations (i) and (ii) = (x + 107)M 
At equilibrium 
mon] [OH] =104=K, 
(x + 1077) (x) = 10714 
or x2-107x-107^-20 
(This a quadratic equation in x and can be solved by usual 


—b+ J b? -4 
methods. In the solution, x = = 
a 


-107 4 4007? - (4x10 ^) 
X «m€e————————————Ó— 
2 
o ( 
[OH] =x=0.618 x 107M 
Therefore, [HO] ta = (1077 + 0.618 x 107) M 
-. pH = -log(1.618 x 1077) = 6.7910 


Thus, it is concluded that [H 30° ] from water is 


considered only if [H Ko ] from acid is <10% M 


and if [ H,O? ] from acid 210% M,[H,0? ] from 
water is ignored. 


While calculating the pH of 1077 M HCI, the common ion effect 


of HCl on water is considered. Why the common ion effect of 
water on HCI is not considered? 


a. Let the K, of H,O = 101? at 25°C. Then in pure water 


© 
f P [H,0°] = [OH] = 105 =x, 
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. When the K of wat 


E 
Thus, [H,O9] from water in the presence of 1077 M HCI 


using the same value of Kw is: 

(x + 107)x = 10-19 

«x 20995 x 105 M | : 
The percentage decrease in the concentration of H,O 
of water is: 

(105 —0.995x107) |. 199 — 0,594 


107 | 
er was 1074, the H,O? concentration 


of pure water was 1077 M while that in the presence of 
10-7 M HCI was 0.618 x 10-7 M (refer section 8.7.6, 
method II). . | 
Therefore, the percentage decrease in the concen-tration 
of H,O? of water in the presence of 1077 M HCl is: 


(107 —0.618x 107’) 
107 

Thus, it can be concluded that the larger the value of 
equilibrium constant of the week electrolyte, the lesser 
is the common ion effect produced. So, the common 
ion effect is experienced more by the weak electrolyte 
(having smaller equilibrium constant) than the strong 
electrolyte (having larger equilibrium constant). 


x 100 = 38.2% 


What is the pH of the following solutions? 
a. 105 M HCl 
b. 5 x 108 M HCl 
c. 5 x 1071? M HCl 
d. 10? M HCl 


a. pH of 10* M HCI 


First method: 
mo = 10-8 (from HCI) + 107 (from H,O) 
=107 (101 + 1) =1.1 x 107 

pH- -log (1.1 x 1077) 

=—log 1.1 — log 107 

— — 0.0414 + 7 = 6.9586 = 6.96 
Second method: 
Since the [H,O] > [HCI], so supression of ionisation of 
H,O occurs. 


Let x = [OH] =[H,0®] from H,O. 


The [H4O€],.. ; is generated from the ionisation of HCI 
dissolved and from ionisation of HO. 
K, = (1075 +x) (x) = 10. 
or x2*10$x -1071^- 0 


_-10% + (1078)? + (4x10714) 


2 


i -8 
[OH]2x-29.5x10"7 M 
So, pOH = 7.02 and pH = 6.98 


What is the pH of the following solutions? 
a. 1077 M NaOH 
c. 10? M NaOH 


b. pH of 5 x 107? M HCI: 


If the contribution of [H,09] from HCI! is COnsiderey 
i.e., [H,O9] = 5 * 10-8 M. Then pH would be > 7 The 
is not possible because [H,O*] of any acid solution 
matter how dilute it is, cannot be less than that of py 
water alone. In such cases, the concentration of (H,08) 
made by water has to be taken. 

Let [H,0®] from water be x M in the presence of 
5 x 10° M HCI. 


2H0 == H,0® + [OH] 

xM xM 

HCI + HO —2 Hj? + cp 
5x10*M 5x 10-84 


At equilibrium, [H,0®] = (x + 5 x 105, [OH] =, 


K, = [H,0°] [OH] = (c+ 5 x 105) (x) = 10-4 
x =0.78 x 107 M 
-. [H,09] = (5 x 10-5 + 0.78 x 1077) 
= 1.28 x 1077 
pH = -log(1.28 x 1077) = 0.11 — 7) = 6.89 
pH of 5 x 1071? M HCI: 
HCI is so dilute that its contribution to [H,O*] is 
negligible as compared with the ionisation of water. 
Thus, [H9] = 1077 and therefore, pH = 7.00 


d. pH of 10? M HCI: 


HCl + HO —> H0? + CF 


Initial concentration 10? 0 0 
Concentration after 0 10? 10? 


pH = -log(102) = 2 

A negative pH only means that the [H9] > 1 M. 
However, in actual practice, a negative pH is uncommon. 
Firstly, even strong acids (say 100% H,SO,) become 
partially dissociated at high concentration. 
According to Sorenson, pH is related to thermo-dynamk 
activities rather than [H®], i.e., on aye = Hehe- In 
dilute solution activity coefficient, fie is near enough te 
unity and thus, dye = [H9]. At high concentrations, the 
activity coefficient is less than unity. Thus, pH defined 
by -log[H9], which is not only of little theoretical 
significance, but it in fact cannot be measured directly. 
Therefore, pH is redefined as: 

PH = -logg aue 

(This is what a pH meter reading is a measure of) i.e., pH 
of 10? M HCI cannot be calculated untill fue is known. 


Nevertheless, there is mathematically no basis for no 
having a negative pH. 


b. 105 M NaOH 


€ 
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ee 


r2 „H of 107 M NaOH 


Oo 
First method: The concentration of OH ions from pure 
(©) i 
water is 1077 M. So add [OH] from water and [OH] 
S 
from NaOH to get [OH] Totar: 


E [OH] ai = I M*107M-2x107M 


pOH = -log [OH] Total 
= —log (2 x 1077) 
- -Jog 2 - log 107 
= —0.3011 + 7 = 6.6989 
; pH = 14 - 6.6989 = 7.3011 


o 
Second method: Due to common ion (OH), the 


suppression of ionisation of H,O takes place in the 
presence of NaOH. 


s) 
Let [H,09] = [OH]- x M 


—— 9 
2H,0() == — H4O*(aq) + OH (ag) s) 
xM xM 


NaOH —> Na®(aq) + OH (aq) 
107 M 107 M 

[HO]... , from equations (i) and (ii) = (x + 10-7)M. 

At equilibrium 

[H,0°] [OH] = 1074 = Kw 

(x) (x+ 1077) 2 1074 

or x-107x-1074^20 


» -107 « J(107y? + (4x107^) 
2 
^. [H,0®] = x = 0.616 x 107 M 


Gii) 


Therefore, [OH] wy = (107 + 0.618 x 10-7) M 
*. pOH - -log(1.618 x 10-7) = 6.7910 
pH - 14 — 6.7910 - 7.209 


- pH of 10$ M NaOH 


First method: 


[OH], = 10 (from NaOH) + 107 (from H,O) 
= 107 (107! +1)=1.1 * 107 

pOH = -log (1.1 x 1077) = -log 1.1 — log 1077 
/— 0.0414 + 7 = 6.9586 

pH = 14 — 6.9586 = 7.0414. 


Second method: Let x = [OH] = [H,0%] from H,O 


The [OH] Total İS generated from the ionisation of NaOH 
dissociated and from ionisation of H,O. 

SEF (105 + x) (x) = 10714 

or x: +108x-10!4=0 


-10? + Joy? + (410-4) 
— GE MMME 
[H,09] - x -9.5 x 10* 
So, pH = 7.02 
c. pH of 10? M NaOH 


C) 
NaOH —— Na? + OH 


Initial concentration 10? 0 0 
Concentration after dissociation 0 102 102 
pOH = -log (107) = -2 
pH = 14- (-2)= 16 


pH > 12, only means that the [OH ]>1M.SopH scale 
becomes in between 2 and 16. 


Calculate the percent error in the [H,0*] made by neglecting the 
ionisation of water in 10.5 M NaOH solution. 


a. Neglecting the ionisation of H,O, [OH] from 
10% M NaOH, and [H,O*] = 105 M. 


b. Including the ionisation of water 


x = [H,09] and (x + 10%) = [OH] 
+. (x 105) (x) = 1074 or x2 + 10 5x — 1074-0 
-10% + 1072 44x19 
Lo uu T 
2 


% error = 99x10? 
JX 


100 


_ (10x10°)- (9.9x10°) 
99x10° 


The value of K,, at the physiological temperature 37°C is 
2.4 x 107", What is the pH at the neutral point of water at this 


x 100% = 1% 


temperature where there are equal numbers of H® and OH ions? 


EED (H9) = [24x10 =1.55x 107 
pH = -log (1.55 x 1077) - 6.81. 


Thus, pH scale becomes in between 0 and 13.62. 


Neutral 
Acidic Basic 
0 6.81 13.62 
A solution of HC] has 


pH =5. If 1 mL of it is diluted to 1 L. What 


Will be the pH of resulting solution? 


———————————— ee EEE 


— 


$8.26 Physical Chemistry The set that characterised the conjugate acid-base pairs i 
S [Refer illustration 8. 18()] ( MENU. O 

Ny RN 

NV o NY | ^ (u SO,,CH COOH Jand (CH,COOH, H,SO,) 

` i z 
- 10° - S10 M (3) (cn,coon,, H,SO, } and (so, ci cor 
‘2 1000m O “H,COOH,, C 
e (4) (H504, HSO, ) and (cH,COoH,, cH,coon) 
uic 10. Which of the following constitute a set of atmospheric 


N EXERCISE B.1 species? 
(1) H,O, H,PO,", HPO,” 


(2) HC,O,°, H,PO,°, S0, 
(3) HO, HPO,?”, H,P0,° 
(4) H09, H,PO, A HCO,° 


CONCEPT APPLIGATIO 


Objective Type 
1. 250 mL of 0.1 M N 
Calculate pH when: 


aOH is titrated with 0.1 M HCI. 


i, 20 mL " 24 mL of go Is o 11. One litre of 0.5 M KCI is electrolysed by passing 9650 
(1) 12.0, 11.30 Te 3 coulombs of electricity. The pH of resulting solution is 
(3) 2.0, 2.70 (4) 2.70, -. (1) 1.0 (2) 2.0 (3) 7.0 (4) 13.0 


The conjugate acid of NH is 12. pH of a solution made by mixing 200 mL of 0.0657 M 
> e conj ge N ah 


a " NaOH. 140 mL of 0.107 M HCl and 160 mL of HO is 
(DNH, (NH, (9)NH,OH (4 NH, (1) 3.04 (2243 (3274 (4) 2.27 
3. Which of the following will have pH close to 1. 13. When one drop of a concentrated HCI is added to | L of 
(1) 75 mL of M/5 HCI + 25 mL of M/5 NaOH pure water at 25°C, the pH drops suddenly from 7 to 4. 
(2) 10 mL of M/10 HCI + 90 mL of M/10 NaOH When the second drop of the same acid is added, the pH 
(3) 55 mL of M/10 HCI + 45 mL of M/10 NaOH of the solution further drops to about 
(4) 100 mL of M/10 HCI + 100 mL of M/10 NaOH (1)0 (2) 1.0 (3) 2.0 (4) 3.7 
4. An acid solution of pH = 6 is diluted 100 times. The pH 
of solution becomes Cat ANSWERS 
(1) 6.95 (2)6 (3)4 (4) 8 
5. The number of H? ions present in | mL of solution having x Sn mu 7) 22) e 
pH = 13 is 7. (1) 8. (1) 9. (3) 10. (1) 11. (4) 12. (2) 
(1) 6.023 x 10!° (2) 6.023 x 107 BA o 
(3) 6.023 x 10? (4) 10? 
6. Equal volumes of two solutions of HCI are mixed. 
One solution has a pH = 1, while the other has a 8.8 IONISATION CONSTANTS OF 
pH = 5. The pH of the resulting solution is WEAK ACIDS 
(1) «1 (2) Between 1 and 2 EEUU EET 
(3)3 (4) Between 4 and 5 Consider a weak acid HX that is partially ionised in the aqueous 
7. For pure water, solution. The equilibrium can be expressed by (if a is the extent 
(1) Both pH and pOH decrease with increase in of ionisation) 
aa uu | HX(aq) + HjO() === H,O9(aq) + X*(ag) 
| (2) Both pH and pOH increase i increase in temperature. (niens (M) m € o 0 0 
| (3) pH decreases and pOH increases with increase in Change in conc (M)=> - Ca = * Ca * Ca 
| temperature. Eq conc (M) — C-Ca = Ca Ca 
| (4) pH increases and pOH decreases with increase in = C(I - a) 
| temperature. Here C = initial concentration of the undissociated acid, HX 
| 8. The pH of a solution increased from 3 to 6. Its [H®] will at time = 0, 
be | a = extent upto which HX is ionised into ions. 
(1) Reduced by 1000 times Equilibrium constant (K ) of weak acid is 
(2) Increased to 1000 times " 


faxCa Ca’ 


(3) Doubled e _ ae a . 
a = -azl ...(1) 

(4) Reduced to half £(-oa) (1-o) ( ) 

9. The following equilibria is established when H,SO, is Note: 


dissolved in acetic acid: a. The approximation (1 — a) = 1 can be applied only ue 


o e i 
H, SO, + CH,COOH =— HSO, + CHCOOH, 0.05 or a < 5%. If on solving problems by applying the 


aa 


approximate formula a comes out to be > 5%, the problems 
may be solved by applying exact formula and a may be 
calculated applying solution of quadratic equation: 


=f + Jb — 4dac 


a= 2a 


T 


in general, if K, < 105 or pk, > 5 and C is fairly high 

(generally 0.1 M or 0.01 M), then (1 — a) can be taken as 

unity. 

, WC is very low (i.e. for very dilute solutions), a is higher. 
In that case, (1 — a) * 1. In such a case, quadratic equation 

is applied to solve a, i.e., (1 - a) K, =C a? 


E 


Basically, if decision on whether to go for approximation 
or not, is not easy, then just use approximation and solve 


but always remember to validate the approximation before 
reaching to a final answer. 


Thus pK, =- log [K,]. 
i 1 p 5 K 
From equation (1), K, = Ca^ > a= ia 


2 
[H,09] = ca-c Re = ENTA 
C C 
l 


log [H,0®] = -log (Ca) = -log (C-K,)? 


l 
pH - log (Ca) = 7 (pK, — log C) 


l 


$8.1 IONISATION CONSTANTS OF WEAK BASES 
The ionisation of weak base MOH can be represented by equation: 


MOH(ag) ——— M$(ag) + OH (aq) 
In 2 weak base there is a partial ionisation of MOH into M 
ai OH . The equilibrium constant for base ionization is called 
"25€ ionization constant and is represented by K,. 


The equilibrium constant for weak base can be written similar 


5 equilibrium constant of weak base, 
Co? 


5 i-a 


= Co? (1-9. «1) (when a is very small) ..(i) 


Note: When o. > 0.05 or a 2 5% then the team (1 — a) is not 
laken as unity in equation (i) 


Thus, pK, = — log (K,] 
From eq (1) 


K, 7 Ca? 


m Ko 
e 
S CK 
[OH]- Ca - C4 Ke = (£n. -JC.K, 
C C 
l 


e 1 
-log [OH] =- log (Ca) =- log (C . K,)? 
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l l 
pOH = - log (Ca) = ES log C E log K, 


| ; 
POH ak base = 3 (pK, Hg log C) 


| 
pHy gy = 14-| £ (K, - log o| 


Many organic compounds like amines are weak bases. Amines 
are derivatives of ammonia in which one or more hydrogen 
atoms are replaced by another group. For example, methylamine 
(CH,NH,). Coedine, quinine and nicotine all behave as very weak 


bases due to their very small K,. Ammonia produces OH ions in 
aqueous solution. 


D © 
NH,(aq) + HjO() == NH, (aq) + OH (ag) 


Table 8.4 The lonisation Constants of some weak acids and weak 
bases (at 298 K) 


lonisation p Base lonisation | pK, 
constants constants 
K, 
4559 |Dimethylamine 54x 104 32676 | 
[CHj,NH] | 
3.3468 | Triethyl amine 6.45 x 10? 4.1904 
acid (HNO,) (CjHjN] | 
Formic 1.8 x 1074 3.7447 | Ammonia 1.77 x 10° 4732 


| 
acid (HCOOH) (NH,orNH,OH) | 


Niacin 1.55x103 4.8239 | Quinine ‘1.10 x 10% 5.9586 
(C;H,NCOOH) (a plant product) | 

Aceticacid — |1.74x10? 4.7595 |Pyridine 11.77 x 10° 18.752 
(CH,COOH) (C;HN) 


Benzoic 6.5 x 105 4.1871 | Urea 
acid (PhCOOH) 


L3x10-4 13.8861 
CO(NH,), 
3.0x 108 7.5229 | Aniline 427x107? (9.3696 
(PhNH,) | | 

4.9 x 10° 9.3038 | | 


Hydrocyanic 
acid (HCN) 


EL—————————À 
Phenol(PhOH) |1.3 x 10 !9 9.8861 


Total [H,09] in mixture of two weak acids can be given as 
8.09] = SKa G + K,,C) 
Total [OH] in mixture of two weak bases 
[OH] = [Ky Cy) + Kp, C, 


Total [HO] in a mixture of weak acid and strong acid can 
be given as 


C, + C,! +4K 
[H,09] - —— AC eK, 
2 
Where C, is the concentration (in mol/L) of the weak acid 


(Ionization constant, K ) and C, is that of strong acid. Accordingly 
pH can be calculated. 


En. | 
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8.8.2 RELATION BETWEEN K, AND K, ILLUSTRATION 8.23 | 


K and K, represent the strength of an acid and a base, respectively. The ionisation constant of HF is 3.2 x 104. 


hat if md 
The coniugate acid-base pair are related in a manner so tha a. Calculate the degree of dissociation of HF in its o , 


one is known, the other can be deduced. For example in case of solitis, .02 M 
e 
NH, and NH,, b. Calculate the concentration of all species present (H,08, 
» F? and HF) in the solution. 
i NH, (aq) *H,O(l ==> H,0®%(aq) + NH,(aq) — ...() c. Calculate its pH. 
[H,O" ][NH;] ET 
C == L-$. 0 
K, m ida BEND First method: 
" á a. The following proton transfer reactions are possible 
(K, represents the strength of NH, as an acid) HF + H,O mme H,0® + FO (K,=3.2x 10-4) 
E © " il 
i NH,(aq) + H,O) == NH, (aq)+OH(aq) ii) : (i) 
H,O + H,O = — H,O? + OH (Kw - 10-4 
e © 2 2 3 ) 
y, -ENBAIOH]. | ig | mM | Ai 
[NH] Since K, >> K, reaction (i) is the main reaction. 
(K, represents the strength of NH, as a base) HF + H,O == H,0® + Fo 
iii. Adding equations (i) and (ii), the net equation is: Initial conc => 0.02 = 0 0 
d © u Change in conc > —0.02a — +0.02a  -09.02q 
2H,O0(l) ——— H,O¥(aq) + OH (aq) ...(iii) Eq conc —0.02-0.000 | — 
© = 0.02(1 0.02 
K,, - [H,09][OH] 210^ M i loss 
iv. Multiplying K, and K ET aU eee 
iv. plying K, and K,, we get "MEC G-a) l-a : ..-(1) 
[H, 0°] [NHS]  paíatom [OH] Solving the Eq. (1), the following quadratic equation is 
K, * K= = 2 8 obtained, ` 
Pea qe a? + 1.6 x 102a — 1.6 x 102 =0. 
" . o=+0.12 and -0.12. (—ve value is not taken) 
= [H4O OH] Thus, a = 0.12 
= Kw- 107^ b. [H,0®] = [F9] = Ca = 0.02 x 0.12 = 24 x 103M 
Thus K, x K, = K, [HF] = C(1 — a) = 0.02(1 — 0.12) = 17.6 x 103M 
(5.6 x 10719) (1.8 x 103) = 10°74 M c. pH =-log[H®] = —log(2.4 x 103) = 2.62 


Therefore it can be generalised that “The equilibrium 
constant for a net reaction obtained after adding two or more 
reactions equals to the product of the equilibrium constants 


Note: a = 0.12 which is greater than 0.05, (a 2 0.05 or 
a 25%). So the term (1 — a) # 1, is taken. 


for individual reactions " Second method: By using formula of a, and pH. 
Kye = Ky * Kx... (iv) E E E TETUR E 
Similarly, in case of a conjugate acid-base pair, edad is 0.02. ae 20 
K,* K,=K, (v) = 4x10? x 410 
Taking negative logarithm both side of Eq. (v) ( Ji0 = 3.162) 
-log (K,) — log K, = -log K,, =4 x 3.162 x 102 
pK, + pK, = pK, (at 298 K) ...(vi) = 0.126 
Therefore from Eqs. (v) and (vi), in case of a conjugate ^. & — 0.12 
acid-base pair, knowing one, the other can be obtained. b. [H,09] = [F°] = Ca = 0.02 x 0.12224 x 102 M 
ee NC [HF] = C(1 — a) = 0.02 (1 — 0.12) = 1.76 x 102 M 
K, c. pK, =—log (3.2 x 10) = -log(32 x 1075) 
ini 2 (viii) = -logQ3 x 1075) 
b =-5S log2+5 
=-5x0.3+5=3.5 
pK, ~ 3.5 


l - 
" QR. -logC) - 7 G5 log 0.02) 
l 
= 765 -log 2x107?) 
EN 
7505-0342) 
l 
zt (5.2) = 2.6 
ce pH = 2.6. 


à (0.1 M monobasic acid is 4.50. Calculate the 


pH? 
fre P E of species, H®, A9, and HA at equilibrium. Also 
ne the value of K, and pK, of the monobasic acid. 


^ Use direct formula 


i pH= 50K, — log C) 
eon ee 
pK = 2pH + log C 
=2 x 4.50 + log 0.1 
=9-1=8 
<. pK, = 8. 
Hence, K, = 105. 


brin 


- [H8] = au int 0.1 x 3.16 x 1074 
—3.16 x 105 M 
—a)=C=0.1M 


107 =10 x Vi0 = 3.162x107 


[HA],, = C 


Giculate the pH of 0.08 M solution of HOCI (hydrochlorous 
zid). The ionisation constant of the acid is 2.5 x 105. Determine 
te percent dissociation of HOCI. 


i Using direct formula, 
K =2.5 x 105 =25 x 106 - (5? x 10% 
pK, = -log[(5)? x 10$] =-2 log 5 + 6 


= x 0.7+6=4.6 
à pH- 5 OK, -log C)= Z (46 -log 0.08) 
- (4.6 — log (2) x10?) 
= = (4.6-3x03+ 2] 
- 2.85 
^ pH - 2,85 


b. ML [25x10 | [25x107^ x100 
C 0.08 8 
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242 
aae n 
2x].414 
-]17»*10?M 
HOCl(aq) + H5O(l) m H,O%(aq) + ClO^(aq) 
Initial conc > 0.08 — 0 0 
Conc at Eq =>0.08(1—-«) — Co. Ca 
z«0.08(1— a « 1) 


-, [HOCI] = 0.08 M 
[8,09] = [CI?] = Ca = 0.08 x 1.7 x 10? 
-141* 10? M 


.[HOCllassociated |. 100 
[HOCI],naissociated 


| 141x107 
|». 0.08 


The pH of 0.004 M hydrazine (NH, NH3) solution is 9.7. 
Calculate its ionisation constant K, and pK. 


c. % dissociation = 


x 100 =1.76% 


| Sol.) Hydrazine is a weak base pH = 9.7 
^ pOH = 14 - 9.7 = 4.3 
2 pOH - 8.6 


a. pH(weak base) = 14 — E (pK, —log C ] 
Or 
2pOH(weak base) = (pK, — log 0.004) 
pK, = 8.6 + log 4 x 10-3 
= 8.6 + 2 log2 -3 
=8.6+2x0.3-3 
=6.2 
<. pK, = 6.2 
b. pK, --log K, = 6.2 
log K, =-6.2=-6-0.2+1-1= 7.8 
K, = Antilog (7.8) = 6.31 x 1077. 


Determine the degree of dissociation of 0.05 M NH, at 25°C in 
a solution of pH = 11. : 


Rm 171x107 (pK, = 4.75) 


HBG NH, is a weak base, pH = 11, -. pOH = 14— 1123. 


o 
[OH]=107M 
5 
| NH, + H,O — NH, + OH 
Initial conc C — 0 0 | 
Conc at Eq C(l — a) Ca Ca | 


^. [OH]7 Ca 210? M 


B. 
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"Sol | First method: 


2 
a= = 2x 107 or 0.2% 


0.0 
Calculate the ionic constant of the conjugate acid of NH,. 
Given: K, = 1.77 x 107 


e 
Sol. lonic constant of conjugate acid (NH,). 
K, — 109" 


M 


K, 127x107 


Calculate [H®] in a solution that is 0.1 M HCOOH and 0.1 M 
HOCN. K (HCOOH) = 1.8 x 104, K (HOCN) = 3.3 x 104, 


= 564x107" 


ISD In the given problem, two weak acids both contribute to 
[H*. neither contributing such a big amount that the other 
share can be neglected. 


a. HCOOH == HCOO? + H® 
Initalconc = 0.1 0 0 
ConcatEq => 0.l-x x 

=0.} 


x+y 


. ,QG*»Q) 
^  (0.1-x) 


(x + y)( 
z gH C) 18x10" (i) 


(v M of H? are contributed from HOCN). 


-1.8x10^ 


b. HOCN —— HÊ +OCN® 
Initial conc 0.1 0 0 
Conc at Eq 0.1- y (y * x) y- 
zx 0.1 
(x M of H are contributed from HCOOH) 


g Ot xy) 


a) 


=3.3 x10 (ii) 


Divide equation (ii) by equation (i), 
EET ET P 
x 1.8 

Subtract equation (i) from equation (ii) 
(x * y)y — x(x ^ y) 

0.1 

or y? —x?- 1.5 x 10° ...(Iil) 
Substitute y — 1.83 x in equation (iii) and solve to obtain, 

x=2.5 x 103, y= 1.83 x x 2 4.6 x 103 

[H9], . i =x+y=7.1 10° 

Check of assumption: The values of x and y are slightly 

less than 10% of 0.1 M. 


Determine the degree of ionisation and pH of 0.05M NH, solution 

k. of NH, = 1.77 x 107. Calculate the ionisation constant of the 
b apa 

conjugate acid (C,) of NH,. 


=1.5x10% 


pk, = 4.75 | 
Since NH, is weak base, its pOH is given by the relation, 
pOH = ; (pk, — log c) 
: ; (4.75 — log 0.05) 
- : (4.75 — log 5 + log 100) 


= ; 45 -0.7 + 2) [ log 5 ~ 0.7] 
= 3.025 = 3.03 
pH = 14- 13.03 = 10.97 
Now, using the relation for conjugate acid-base 


; Pair, 
conjugate acid of NH, is NH,? ion 
k, = kw/kb = 10714/1.77 x 105 
= 5.64 x 10-10 
Second Method: 
NH, + H,O = NH? + og: 
Initial conc. l - 0 0 
Conc. at equilibrium c(l- a) CE ca 


[OH®] = ca = 0.05 a 


ca? S 0.05 a? 
0-a] (l-a) 
The value of œ is small, therefore the quadratic equation 
can be simplified by neglecting o in comparison to 1 in the 


denominator on right hand side of the equation. 
Thus, 


k, = co? or œ= (1.77 x 103/0.05) "2 = 0.018 


b 


© 

[OH] = ca=0.005 x 0.018 = 9.4 x 10* M 

© © 

[H] = [OH] = 10714(9.4 x 10-4) = 1.06 x 10! 

pH = -log (1.06 x 107!) = 10.97 
The concentration of conjugate acid 
NH; ion is: 

ka = k/k, = 10715/(1.77 x 1073) 
= 5.64 x 10-19 


The K, for formic acid and acetic acid are 2.1 x 107 and 
1.1 x 105, respectively. Calculate relative strength of acids. 


K 
I Sol. | Relative strength of weak acids — 738 x C. 


Assume C, and C, are same (although not given). 


. Relative strengtl Ka _ [21x107 4.36:1 
n ative stren = af — è s 
e Ko, 1.x 107 


Relative strength for HCOOH to CH,COOH = 4.36:1 


What is the pH of the solution when 100 mL of 0.1 M HCl is 
mixed with 100 mL of 0.1 M CH,COOH? 


e diluted HCl is 0.1 M SO that pH 


ó Th : = 1.00. 
Pi added strong acid present, the co, 
j 
ff 


icentration of H® ; 
eds MP S ES, Ons 
ip onisation of weak acid (CH,COOH) is insignif 


cant, 
^ [H°] and [OH] in 10° M solutior 


1 of monobasic ac} 
D n . ac 
oio 4.0% ionised. What is the pH, K e 
ch I5 ^* a 


hiv and pK, of the acid? 
y 
^ + qan E 
l wow zt CH,COO® + H,0® 
f... h n 
concentration 1 
pquilibrium 102 (1-a) u " D 
oncentration 
N 103 
4.0 à 
Given a man 10 
n [HO] 7 Ca 2 103 x 4x 19224, " 
pH = -log (4 x 105) 2.2 fos 
=-2x0.3+5=44 


-. pH = 4.4 
b. pOoH=14-4.4=9.6 
-log [OH] = 9.6, log[ OH] 
--9.6 
--9-0.6-1—1- 104 
o 
~ [OH]2 25x10? M 
c K,-Caà?-103 x (4x 102 21,6 x 19-6 
pK, = -log(1.6 x 1075) = -log(16 x 1077) 


=-—4 log 2 +7 
=—12+7=538 
“pK, =5.8 
© ele 
“alculate [H9] and [OH] ina 0.1 M solution of weak monoacitic 


se which is 2.0% ionised. What is the pH of solution? 


w B 


+ HO —— BH? + 0H 


Initia] 0.1 — 0 0 
concentration 
Equilibrium 0.1(1-a) — Co. Ca 
concentration 


Given as A gxi? 
100 
(0H]- Co =0.1x2x102 22x10? M 


POH = -log(2 x 103) = (0.3 +3=2.7 
H-14-57-113 


TH of pure water at 25°C and 35°C are 7 and 6, respectively. 
d ^ and OH 
Me the heat of formation of water from H^ and OH. 


At2sec, [H9] = 1077; -. K, = 1074 


——— 


ESSE MEER MN MN tt a 


At 35°C: [H9] = 10-6. 
Now using 


K is 
2.303 log —“2 = AH m 
Ki RITT 
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“ K,=10" 


-12 = 
H 10 
2.303 log 12. AM | 10 — 
10^ 2call 298» 308 


AH = 84551.4 cal mol! = 84,551 kcal mol! 
Thus, H,O v a4 OH: 
AH = 84.551 kcal mol! 
H? + OH == Ho; 


AF = -84.551 kcal mol! 


The pH of 0.05 M aqueous solution of diethyl amine is 12.0. 
Calculate K,. 


Sol, Diethyl amine is base and gives OH as 


Initial concentration 


(C,H,),NH + H,O == (C,H,),NH,® + OH 
l 0 0 


Equilibrium concentration C(1—- a) Ca Ca 


© . . 
. +. [OH] = Ca where C is concentration of base and 


C=0.05 M 
pH = 12 <. pOH =2 
© g 
or [OH]-107? M ". Ca 10 
or 0.05 x a = 107? (C — 0.05) 


250,902 
Now for a base, 


g Ce 005x(02) 0.05x0.04 
^ (I-a) (0-02) 0.8 


Note: Do not use K, = Ca? since a = 02and1—-a— 0.8. 


225x107 


If a would have been very small, then the direct formula 
can be used to calculate K p Of weak base. 


POH = + (pK, - log C) 
1 EN 


8.9 COMMON ION EFFECT IN THE 
IONISATION OF ACIDS AND BASES 
MUS MINUM ACIDS AND BASES 


Common ion effect is defined as a shift in e 
a substance that provides more of an ionic species already present 
in the dissociation equilibrium. This is based on Le Chatelier's 
principle. For example, consider the dissociation equilibrium of 
acetic acid (CH ,COOH), represented as HAc. 
HAc(aq) = H"(aq) + Ae (aq) 

BI [Ac] 
——. [HAc] 

On addition of acetate ions (Ac^) to an acetic acid solution, 
[H®] decreases. Also if H® ions are added from an external source, 
then the equilibrium moves in the direction of undissociated acetic 


quilibrium on adding 


a 
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acid, i.e., in a direction of reducing the concentration of H*' ions. 


This is called common ion effect. 


For example, on addition of 0.05 M acetate ion to 0.05 M 
acetic and solution, the pH of the solution will be: (K, of HAc 
=18x10) 


HAc ——— H®(aqg) + Ac (aq) 


Initial concentration => 0.05 0 0.05 

Change in concentration => ES tx +x 

Equilibrium concentration => 005A x (0.05 + x) 
Therefore, 


[H^][Ae ] (x) (0.05 + x) 
~  THAc] (0.05 — x) 
As A, is small for a weak acid x << 0.05 
Hence, (0.05 + x) = (0.05 — x) = 0.05. 


Thus. (20 (9-95) qe: | 


-18x107,— x = [Hf] = 1.8 x 105 M 


=1.8 x10% 


pH = -log(1.8 x 105) = 4.74. 


Note: When same concentration of the common ion is added 
to the same concentration of weak acid or weak base, these is 
no change in pH of weak acid or weak base. 


E š I E S H x MEER NER 


2.5 mmol E 
—— — — = 0.03: 
75 mb, 3M 


This NH, exists in the following equilibrium: 


[NH,], (unreacted) = 


D © 
NH,OH c NH, + OH 


p 
Y [NH; liota = 0.033 + y « 0.033 (as y is small) 
[NH,OH] = 0.033 — y = 0.033 (as y IS small) 


MK _INH,][OH] _ (0.9355 [OH] 


Say os 
^^ [NH,OH] (oat) 71-10 
~ [OH]S 1.77 x 105 


pOH = -log (1.77 x 105) = 4.76 
^. pH = 14 — 4.76 = 9.24 


What is the pH of a solution containing 0.01 M? 


Sol. | HCI is strong acid and it is completely ionised (100%, 
ionisation) 
HCl + H,O —> H4O? + CI* 


Calculate the pH of 0.1 M NH, solution. 


“Sol. NH, is a weak base, 


] 
(pK, — log C) 


a POH weak base ~ 


= 1.0 L of this solution. 
i (K, of CH,COOH = 1.8 x 105) 
2 


I 


(4.76 — log 0.1) 


Soll) CH,COONa contains CH,COO: ions which react with 
H,0® ion from HCl. Assume complete reaction of H,O* 
with CH,COO°® ion. 


CH,COO- + H,O® ——> CH,COOH + H,0 
Initial concentration = 0.02 M 0.01 M = — 
Concentration reacted => 0.02-0.01 0.01 
Final concentration 


= 5 (4.76 +1)=2.28 
PH eat base = 14-2.88= 11.12 


Calculate the pH after 50.0 mL of this solution is treated with 
25.0 mL of 0.1 M HCI. 


Given: K, for NH, = 1.77 x 105 (pK, = 4.76) 


=> 0.0l (excess) 0 0.01 0.01 
CH,COOH + H,O == CH,COO® + H,O? 


K, = [CCOO ][Hj0?] (0.0b[H,07] 
! [CH,COOH] (0.01) 

^. [H409] = 1.8 x 105, so pH = 4.74 

Change in pH (ApH) = 4.74 - 2.00 = 2.74 


0.1 M NH, solution is found to have a [OH] of 1.33 x 10^ M. 


(p a. 
NH, + HCl —» NH, 4 CI 


-L8x1007 


IJD On addition of 25 mL of 0.1 M HCI (2.5 mmoles), to 
50 mL of 0.1 M NH, (5.0 mmoles), 2.5 mmoles of NH, 
molecules are neutralised, The resulting 75 mL (25 mL + 
50 mL) solution contains the remaining unneutralised 2.5 


(p 
mmoles of NH., molecules and 2.5 mmoles of NH, ions. 


What is the pH of the solution? 
b. What will be the pH of the solution after 0.1 M NaOH 


mmoles initially 5.0 mmol 2.5 mmol 0 Tm is added to it? 
mmoles at (5-2.5) 2.5-2.5=02.5 25 e Calculate A, and pA, for NH,. 
equilibrium = 2.5 d. How will NaOH added to the solution affect the exte 
of dissociation of NH,? 
9 2.5 mmoles 3 
[NH, ]., » —— — = 0.033 M 
ý 75 mL 


D 


r 


w (0H]- 1335107 pOH - 2.88 
g p= 14 288 = 11.12 


(oH]- 0.1 M. pOH = 1 .pH-14-1-213. 


[OH] from NH, is negligible, sinc 
presses the dissociation of the weak base. — 


e © 
NH, + H,O ve NH, + OH 
C 3 2 


. {NH,JLOH] 
P7 (NHS! 


(1.33 x 10°) (1.33 x 107) 
0.1 — 0.00133 


[0.1 -0.00133 = 0.1] 


(1.33 x 10°)? 
7 0.1 
= 1.79 x 105 = 1.8 x 105 
+, pK,7 -log (1.8 x 105) = 4.7447 


The self ionisation constant for pure HCOOH, 


z 
x= [HCOO H2 J [HCOO^ ] is 10% at room temperature. What 


percentage of HCOOH molecules are converted to HCOO? ions. 
Tre density of HCOOH is 1.22 g cm ?. 


€p 
M HCOOH + HCOOH ——— HCOOH? + HCOO? 
e 
K,- [HCOOH2][HCOO*®] = 10% 


e 
-. [HCOOH?] -[HCOO? ] = 107M 


(Since each ion is produced in equal number of moles) 
Initial moles of HCOOH 


E (us (e = 1 mol HCOOH 
cm? L. /\ 46.0 g HCOOH 


3 
= M = 26.5 mol L’ = 26.5 M 


% dissociated to HCOO® ion 


10° 
= x 100% = 0.004% 
26.5 


iqui j VE 
ANH, ionises to a slight extent. At—50°C, its ionic product 


e ec P o l @ 
Wesen INH,][NH.] is 10-39, How many amide ions, NH, are 
Per mm? of pure liquid NH,? 


i; 2NH e e 


3'— NH, + NH, 


® 2 
Ka, =[NH,][NH,] sio” 


~ 
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ion i j ; oles 
Since each ion is produced in equal number ofm 


= = 15 
+, [NH] 2 [NH,] 210 M 
Number of ions/mm? 


(jme 1 (eres 
7 L 10° mm? mol 


—15 23 T 
i eS — 600 ions mm ^ 
10" 


NENNEN ML A 


8.10 DI- AND POLYBASIC ACIDS AND 
DI- AND POLYACIDIC BASES 


Acids which have more than one ionisable proton per molecule 
of acids are known as polybasic or polyprotic acids, e.g., oxalic 
acid (HOOC-COOH), H,SO,, and H4PO,. 


The ionisation reactions for a dibasic acid, H,X are 
represented as: 


H,X(aq) —— H(aq) + HX*(aq) 
HX^(ag) ———2 H®(aq) + X* (aq) 
The corresponding equilibrium constants are as: 


K., = [H°] HX°] and K, 
2 [H5X] : 


Mudo S 
| [HX] 

(K " and K, are called first and second ionisation constants, 
respectively, of the acid H,X). 


Similarly, for tribasic acids such as H,PO,, there are three 
ionisation constants. 


It is found that Ka of polyprotic acid is greater than Ky or 
K,, Ge, K FK ^K aj because it is more difficult to remove a 
positively charged proton from a negative ion due to electrostatic 
forces. Similarly, it is more difficult to remove a proton from a 
doubly charged anion as compared to single charged anion. 


The primary reaction involves the dissociation of H,X and 
H,O® in the solution comes mainly from the first dissociation step. 


Table 8.5 The ionisation constants of some polyprotic acids 
(298 K) 


Sulphuric acid (H,SO,) 1.2 x 102 | 
Carbone wid HCO) [43-107 [secs | 
Citric acid 4.0 x 107 


Find the concentration of H®, HCO,', and CO,™ in a 0.01 M 


solution of carbonic acid if the pH of solution is 4.18. 
K 2445 x 107, K, = 4.69 x 107! 


6.4 x 102 


Phosphoric acid (H,PO,) 
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IBU Given, pH = 4.18 = -log [H9] 
[H9] = 6.61 x 105 mol L^! 
H,CO, == H9 + HCO,^ 
Ka [H? ][HCO,"] 
[H,CO,] 


or 445x197 = 16:61 10 7][HCO,] 
UU [0.01] 


or [HCO,*] = 6.73 x 10 mol L~! 
Again for dissociation of HCO,°, we have 
[HCO,9] ——— H? + CO,” 
[H?)[CO;] 
[HCO; ] 
.61x102][CO,7- 
or 4.69 x19! = 1661x107 ][CO,7] 


[6.73 x 105] 
[CO,?] = 4.78 x 1071! mol L7? 


K, and K, for dissociation of H,S are 4 x 10? and 1 x 1055. 
Calculate sulphide ion concentration in 0.1 M HS solution. Also 
report [H*] and pH. 
BB Hs — ne + ns 
e © 
K, LIEU IBS ]. 4x 107 
[H5S] 
[H9]- Ca, [HS9]- Ca, [H,S] = C(1— a) 


K, = 


dr daemi a Ca 
C(l-a) (l-a) 


0.1x o 


or 4x10? = "ü-ay (1 — a should not be neglected) 


a — 0.18; -. [H] = Ca = 0.1 x 0.18 = 0.018 M 
pH = 1.7447 
[HS9] = Ca = 0.1 x 0.18 = 0.018 M 
[H,S] = C(1 — a) = 0.1(1 — 0.18) = 0.082 M 
Now, HS” further dissociates to H® and S2-: 
C, = [HS^] = 0.018 M 
HS9 — H? + g- 
] 0 0 


(1-04) a, a, 


 [H*][S^] 
[HS"] 
Because [H®] already in solution = 0.018 and thus, 


dissociation of HS^ further suppresses due to common ion 
effect and 1 — a « 1. 


K, 21x10? 


ing 5.22 PIOS EID Lo ieee, 
C (l-a) 
-5 

bya T 


0.018 


Se ee ee as 
[S?-] = C,o., = 0.018 x 5.55 x 10-4 = 10-5 (07 
[HS] CG —0,)—C, 0,018 M 


JETRATION & rho 
eae US LP tee es TIAM 2 j 


Calculate the concentration of all species of signifi 
concentrations present in 0.1 M HPO, solution. 


(K, =7.5 x 103, K, = 6.2 x 10-8, K, — 3.6 x 10-13) 


(SGD Step 1 


Cant 


MPO, v H+ IH. POS 
K,=7.5 x 193 


Step II H,PO,? === H? + HPO,?-; 
K, = 62» 194 
Step III HPO,- == H® + PO; 
K, = 3.6 x 10-5 
For Step I: H,PO, ——— H® + H,PO,° 
0.1 0 0 
0.1- C C C 
| [H9 [H,PO,°] NE s 
i [H4PO,] (0.1- C) 
2 
j5sdü ae 
(0.1— C) 


C = 0.024 and [H9] = 0.024 M, [H,PO,,°] = 0.024 M, 
[H;PO,] = 0.1 — 0.024 = 0.76 M 
The value of K, is much larger than K, and K.. 
Also dissociation of steps II and III occurs in presence of 
H? furnished in step I and thus, dissociation of steps II and 
III is further suppressed due to common effect. 
For Step II: H,PO,? === H9 


+ BPO 
0.024 0.024 0 
(0.024 — y) (0.024 + y) y 


The dissociation of H,PO,° occurs in presence of [H?] 
furnished in Step I. 


® 2s 
Thus, K, = H 1IHPO,7] 
[H,PO,° 


-8 _ (0.024 + y) y 
or 62x10 SUE because y is small. 


Assuming 0.024 — y 0.024 and neglecting y 


6.2108 = 9.024» 
0.024 
" y-262x 10°8 


or [HPO]- K, = 62 x 10°8 [Insignificant] 


For Step Il: HPO, === ge + po, 
(6.2 x 1078 — x) (0.024 + x) y 


+ K, THER) — (0024 + Vx 
[HPO,” ] [(6.2 x 107°) m x] 
Again neglecting x? and assuming (6.2 x 10-8) - x 
& 6.2 x 10°8 
36x19-3 = 0024x 
6.2x10^3 


=9.3x197!9 


[Insi nificant] 


Calculate the 


Given KXK. and 
HS are 1077 and 1.3 x 10-13. respectively. d 
M 


* 


H,S == H9 -«Hso 
HS- ——— H® + S2- 


HCl —> H®+c]o 


Ky = 107 
Kp = 1.3 x 10-3 


Due to common ion effect, the dissociation of HS is 
suppressed and [HÊ] in solution is due to HCI. 


. [H^][HS7] 
^ — [H5S] 
0.3) [HS? 
107 - AS ([H9] from HCI - 0.3) 
-7 
ae E I =3.3x10-° M 
ter K,, = OUST ang x, [HIS] 
^ A [HS7] " .. BS] 
. K xK = EPIS] 
^ 7 [HSS] 
W^ x13x1975 -PEET 
[0.1] 
—20 
y Sie X0. 114x107 M 


0.09 


CONCEPT APPLICATION EXERCISE B.Z 


Objective Type: 

l At 90°C, pure water has [H,O] = 10% M. What is the 
value of K „at 90°C. 
(1) 104 (2)105 — (3102 (410 


^ HCOOH and CH,COOH solutions have equal pH. If 
KK, is 4, the ratio of their molar concentration will be 


1)025 (2) 0.5 (3)2 (4)4 


i a == 0+4 OH, K = 10-4 at 25°C, hence K, 


(1) 107 
(3) 10-14 


(2) 5.55 x 107? 
(4) 18 x 107 


4, Wh: 
Which of the following expression is wrong? 


mU [H9] = [OH] = 1077 for a neutral solution at all 
temperatures, 


© IH°]< SK and [OH] > JK, for basic solution 
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. K, for NH,OH is 1.8 x 105. The [OH] of 0.1 M NH4OH 


(3) [H] = [OH] — AK, fora neutral solution 


(4) [H?] > y K,, and [OH ]< JK, for an acidic solution 


. For a ‘Œ M concentrated solution of a weak electrolyte 


A B, a (degree of dissociation) is 


(1 ) y Keg /xyC (2) [Keg : C/(xy) 
| 


(3) (K,4/C* "a" ery (A) [Kel Cx + yyy? 


J 


IS 
(2) 4.20 » 102 
(4) 1.8 x 10-6 | 


(1) 5.0 x 102 
(3) 1.34 x 102 


. The dissociation constant of monobasic acids A, | 


B, C and D are 6 x 107^, 5 x 10°, 3.6 <x 105, and | 
7 x 1079, respectively. The pH values of their 0.1 M 
aqueous solution are in the order: 

(LyD EC > BSA QHA>B>C>D 
(3)A=B=C=D (4) None 


. The molarity of NH, of pH = 12 at 25°C is 


(K, = 1.8 x 10) 
(1) 11.7M 
(3) 0.55 M 


(2) 5.5 M 
(4) 0.01 M 


. K of HA at 25? is 102. If 0.1 mol of this acid is dissolved 


in 1 L of aqueous solution, the percent dissociation at 
equilibrium will be closer to 


(1) 0.1% (2)1.009  (3)99.0% (4)99.99; 


For a polyprotic acid, H,PO,, its three dissociation 
constants K p K,, and K, are in the order 


(1) K, =K,>K, (2) K, = K,=K, 

(3) K, > K, > K, (4) K, < K, « K 
11. Given HF + H,O : H,O* + F° 

F° + H,O —“\ HF + OH 
Which relation is correct? 
(DA, =K,, (2) K, x K, =K, 
l K 
3) K, =— 4) —-K 

( b K, ( ) K, m 

12. K, of HA is 10 4. The equilibrium constant for its reaction 


14. 


with a strong base is 
(1) 1074 (2) 10^? 


(3) 10° —— (4) 101 


. The percentage error in [H?] provided by 10-8 M HCI, if 


ionisation of water is not neglected, is 
(1) 2% (2) 396 (3) 4% 
H4BO, is: 

(1) Monobasic and weak Lewis acid 
(2) Monobasic and weak Brónsted acid 


(3) Tribasic and weak Brónsted acid 
(4) Monobasic and strong Lewis acid 


(4) 5% 
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15. The enthalpy change for first proton neutralis 


16. 


17. 


19. 


1. (3) 2. (1) 3. (4) 4(1)  5.(3) 
6. (3) 7. (1) 8. (3) 9.(2)  10.(3) 
11. (2) 12. (4) 13.) — 14(1)  15.(3) 
16. (2) 17. (3) 18.(1) ^ 19.(1  20.(3) 


18. 


. H,S behaves as a weak diprotic acid in aqueous solution. 


is 537.1 kJ mol-!. What is the enthalpy change for first 
ionisation of H.S. 

(1) 94.2 (2)-20.0 (3) 20.0 (4) -94.2 
The factor by which the degree of ionisation of 200 mL 
of 0.1 M benzoic acid solution Y PER a 10-5) changes on 
addition of 100 mL of 0.2 M HCI Is: 
(2) 0.03 (3) 33.33 
The concentration of CO, in atmosphere is 88 ppm. If all 
of the CO, present in 105 mL of air is dissolved in 1 dm? 
water, then approximate pOH of solution at 27°C will be 


(K,, = 10 7K,» = 10 !! for H,CO,] 


(1) 3.2 (2) 3.85 (3) 10.15 
A solution of a weak monoprotic acid has dissociation 
constant A_. The minimum initial concentration C such that 
the concentration of the undissociated acid can be equated 


(1) 0.02 (4) None 


(4) None 


to C within an error of 1% would be 

(1) 9900K, (2) 10000K.,, (3) 99K, (4) K, 

Two weak acids HX and HY have K, values 
1.75 x 102 and 1.3 x 107, respectively, at a certain 
temperature. An equimolar solution of mixture of two 
acids is partially neutralised by NaOH. How is the ratio 
ofthe contents of X^ and Y* ions related to the K, values 


and molarity? 


(1) d 15 sl a' | 0, where a and a’ are 
fl-a}] 13 |1-a'] 

ionised fractions of the acids HX and HY respectively. 
(2) The ratio is unrelated to the K, values. 
(3) The ratio is unrelated to the molarity. 


(4) The ratio is unrelated to the pH of the solution. 


Which of the following is the correct explanation for pH 
of a solution of H-S in terms of its pK,, pK, [H,S] and 


[S^] 
] 
(1) pH — o + pK,) 


1 ( [S^] 
(2) pH =—| pK, + pK; -log —— 
j|P |j + p^5 ES 


! f [S] 
(3) pH =—| pK, + pK, + log —— 
2| j t p^5 [HS] 


_ H [H5S] 
(4) pies pk, - pK; T log y x 


\ 


ANSWERS 


A buffer solution is defined as a solution which resists any chan 
. " a t i) 
in its pH value on addition of small amount of strong acid Be 
Or 


strong base to it. 
The preservation of a solution of definite pH is difficult Irth 
M 


solution comes in contact with air, it will absorb CO „and becom 
5 gt H 4 1 D Cs 

more acidic. If the solution ts stored in glass apparatus, the alkalin 
e 


impurities present in glass may dissolve into the solution and may 


alter its pH. 
8.11.1 TvPES OF BUFFER SOLUTION 
There are two types of buffer solution. These are: 
a. Solutions of single substances: The solution of the salt ofa 


weak acid (W,) and weak base (W,) e.g., ammonium acetate 
(CH,COONH,), ammonium benzoate (PhCOONH |), acts 


as a buffer. 
b. Solutions of Mixtures: These are further of two types: 


Acidic buffer: These are solutions of a mixture of weak 
acid (W,) and a salt of weak acid with a strong base, 
W/S) 
1. CH,COOH + CH,COONa 
CH,COOH + CH,COOK 
HCN + NaCN 
HCN + Ca(CN), 
PhCOOH + PhCOONa 
H,PO, + NaH,PO, 
H,PO, + Na,HPO, 
H,PO, + Na,PO, 
H,BO, + NaH,BO, 
H,PO, + NaH,PO, 
11. H,PO, + Na,HPO, 
12. H,PO, + NaH,PO, 
ii. Basic buffer: These are solutions of a mixture of weak 
base (W,) and a salt of weak base with a strong acid 


OP VS) 
For example: 

1. NH,OH + NH,CI 

2. NH,OH + NH,NO, 
NH,OH + (NH,),SO, 
NH,OH + NH,CIO, 


— 
> 


a p 


e 
5. CH,NH, + CH, NH,]CI? 


e 
6. CH,NH, + CH, NH,] HSO,“ 


e 
7. PhNH, + Ph NH,]CI- ` 
Q 
N v 
Pyridine | " 
H I 


(Pyridinium hydrochlride) 


N CI? 
(Quinoline) | 
H 


(Quinolinium hydrochloride) 

$ Q 
N N 

ZON 


H HH 
(Piperidine) 


CI9 


(Piperidinium hydrochloride) 
i Buffer solutions are actually conjugate acid-base 
Notes 


pis 


qich of the following combinations of solute would result in 
„imation of a buffer solution? 


a CH,COOH + NaOH in 
i 1:1 mol ratio 
i. 2:1 mol ratio 
iii. 1:2 mol ratio 

b. NH,Cl + NH, in 
i 1:1 mol ratio 
ii, 2:1 mol ratio 
iii. 1:2 mol ratio 

c. HCl * NaCl 

d. HCl + CH,COOH 

e NaOH + HCl 


Da i 
i It will form salt of weak acid and strong base 
(W,/S,) CH,COONa. 
ii. It will form acidic buffer, since 1 mol of weak acid 


will be left unreacted and 1 mol of CH,COONa will 
be formed. 


iii. 1 mol of CH 4COONa and 1 mol of NaOH is left. 
b. (i), (ii), (iii) 


(1), (ii), and (iii) all are basic buffers since in all cases 
itis a mixture of salt of W S, (NH4CI) and W, (NH,). 
Moreover, NH 4Cl and NH, do not react. 


^ Itis not buffer since it is a mixture of S, (HCl) and salt 
of S/S, (NaCl). 


tis not buffer since it is a mixture of S, (HCl) and WA 
_ (CHCOOH). 


* Itis not buffer since it is a mixture of S, (HCI) and 5j, 
Eos 


i BUFFER ACTION 


M LER of a buffer solution to resist any change in its pH 


DM “1 When Small amount of the S, or $5 is added to it 1s 
ĉr action’. 


Ne 
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Buffer action of ammonium acetate: Let 0.2 M of 
CH,COONH, is taken. CH,COONH, like other salts is almost 
completely ionised in aqueous solution as: 


CH,COONH, —» CH, COO? + NH, 


Initial concentration => 0.2 M 0 0 
Final concentration => 0 0.2M 0.2M 
a. When small amount of S , is added to the buffer solution: 
Let a few drops of 0.1 M HCI i is added to the above buffer 
solution. 
HCI + H,O—> H,0® + CI? 
Initial concentration => 0.1 M - 0 0 
Final concentration => 0 0.1 M 0.1 M 
0.1 M of H4,O? given bs HCl combines with 0.1 M 
CH,COO^ ion to form 0.1 M CH „COOH (W,) (weakly 


ionised)- 
CH, COO° + H ,0° —oCH, y accio O 
Initial concentration => 0. 2M 0. í M 0 
Final concentration (0.2 —- 0.1) 0 " M 
=0.1M 


Thus, the formation of 0.1 W, (CH,COOH) does not change 
the pH effectively. Moreover, the concentration of H,0* of 
the solution does not change practically and hence the pH 
of solution remains almost constant. 

b. When small amount of S, is added to the buffer solution: 
Let a few drops of 0.1 M NaOH be added to the above buffer 


© LI - 
solution. The OH ions given by S, (NaOH) combines with 
& 
NH, ions to form weakly ionised molecule of NH OH. 


NH di OH — 3 NH,OH (W,, weakly ionised) 
Thus, the OH ion concentration and hence the H, JO? 
concentration or the pH of the solution remains vilis 
constant. 

. Solution of NaCl (Salt of S 4/ Sg) does not act as buffer: 
Since NaCl ionises completely to give Na? and CI? ions 
which combine with the S, or S, added to form HCl or 


NaOH. But these ionise completely to give back OH 
or H,O ions. Thus, the H ;O? ions concentration of the 
solution changes and hence pH of the solution changes. 


8.11.3 BUFFER ACTION OF ACIDIC BUFFER 


Let us consider the buffer action of the acidic buffer containing 
0.2M CH. 1COOH and 0.2 M CH 1COONa, CH, ¿COOH ionises to 


a small extent whereas CH, ‘COON: a is almost completely ionised 
in the aqueous solution as: 


CH,COOH + H,O == CH,COO^ + H ,0®...(i) 
CH ,COONa —> CH, C008 + Na® 


UT) 
Initial concentration => 0.2 M 0 
0.2M 0.2M 
Due to the common ion effect, the ionisation of CH COOH 
is further suppressed. Thus, in the solution, there are excess of 
CH4COO*" ions and small amount of H4O? ions. 


l'inal concentration — 0 


— 


in 4 
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a. When small amount of 5 , is added to the acidic buffer Note: pH of the solution does not change due to the formatio 
solution: Let a few drops of 0.1 MHCI be added to the above of (CH,COO^) salt of W, and B, n 
buffer solution. : 

HCl + H0 —> H,O? + CI 8.11.4 BUFFER ACTION OF BASIC BUFFER 
2 à ó 


Initial concentration 0.1 M 


The buffer action of a basic buffer containing 0.2 M NH,OH 
0.2 M NH,CI is explained as: and 

NH,OH dissociates to small extent whereas NH 4Cl diss Ociatey 
completely in aqueous solution as 


0.1 M 0.1 M 
| combines with 0.1 M 
ionised molecules of 0.1 


Final concentration 0 
The 0.1 M H,0® given by HC 
CH,COO® ions to form weakly 

M CH,COOH. 


CH,COO? + H,O? — CH,COOH + H,O -— » , : 
. 5 ~ į | 
Initial concentration 0.2 M 0.1 M d 0 4 ——— 4 OH Ai 
Final concentration (0.2-0.1) (0.1 - 0.1) 0.1 | D | 
=0.1M =0 NH,C| — NH, + Cle NT 
don r i Initial concentration 0.2 0 0 
Thus. the [H,O*] and hence the pH of the solution remains | 
"iw : Final concentration 0 0.2 M 02M 


almost constant. Moreover, formation of 0.1 M CH,C OOH 


(I) does not change the pH of the solution effectively. Due to the common ion effect, the ionisation of NH OH 


is further suppressed. Thus, in the solution there are excess of 


It is evident from the above reaction that on addition of a | 
0.1 M HCI (S,) to the acidic buffer the concentration NH, ions and small amount of OH ions. 

of W, (CH,COOH) increases (0.2 + 0.1 = 0.3 M), a. When small amount of S, is added to the basic buffer 
whereas the concentration of CH,COONa (salt of solution: Let a few drops of 0.1 M NaOH be added to the 


W,/S,) decreases (0.2 — 0.1 = 0.1 M) P 
A'OB nn above buffer solution. The 0.1 M OH ions combine with 0) | 


Rule:AAA (for memorising) eo 
AAA rule is useful in solving problems based on buffer M NH, tons to given ULM Sa ta 


. . = - 
solution. It is stated as: NH, + OH NH,OE 
In acidic buffer (A), when strong acid (A) is added, the Initial concentration 0.2M 0.1 M 0 
a "^ : : Final concentration (0.2 — 0.1) (0.1 — 0.1) 0.1M 
concentration of W,(A) increases and concentration of salt 
oy : =0.1M =0 
(W ,/Sp) decreases. , o . 
Due to the formation of weakly ionised NH,OH. pH of the 
Note: pH of the solution does not change due to the formation solution does not change effectively. Moreover, the [H,07] 
of weak acid (CH,COOH). is not changed, so the pH of the solution remains unaffected 


It is evident from the above reaction, that on addition of 
0.1 M NaOH (Sp) to the basic buffer, the concentranon of 
W, (NH,OH) increases (0.2 + 0.1 = 0.3 M). whereas te 


b. When small amount of S, is added to the acidic buffer 
solution: Let a few drops of 0.1 M NaOH be added to the 


above buffer solution. The 0.1 M OH ions given by the 
NaOH combine with 0.1 M CH,COOH already present to 
form 0.1 M CH,COO™ ion. 


CH,COOH + OH —> CH,COO^ + H,O 


Initia) concentration 0.2M 0.1M — — 
Final concentration (0.2—0.1 ) (0.1—0.1) 0.1M — 
=0.1M -0 


Since the formation of 0.1 CH,COO ion does not affect in 
the change of [H,O*] and hence pH does not change. 


It is evident from the above reaction, that on addition of 


0.1 M NaOH (Sy) in the acidic buffer the concentration 
of W, (CH,COOH) decreases (0.2 — 0.1 = 0.1 M) 


whereas the concentration of CH,COONa (salt of 


W /5,) increases (0.2 + 0.] 0.3 M) 

Rule: ABA: (for memorisation) 

In acidic buffer (A), when strong base (H) is added, 
the concentration of weak acid (A) decreases and the 
concentration of salt (W,/5,,) increases. 


concentration of NH,CI (salt of W'S ,) decreases (0.2-0. 
— 0.1 M) 

Rule: BBB: (for memorisation). 

In basic buffer (B), when strong base (B) ts adde. 
the concentration of weak base (B) increases and hè 
concentration of salt (W/S ,) decreases. 


Note: pH of the solution does not change due to the formator 
of weak base (NH,OH) 
b. When small amount of S, is added to the bas 
solution: Let a few drops of 0.1 M HCl be added te 
buffer solution. The 0.1 M H? combines 0.1 M N 


jc bufer 

the above 
H,OH wv 
. ® 

give 0.1 M NH, tons. 


H,0 


0 


E 
NHOH + H? —> NH, + 

Initial concentration 0.2 M 0.1 M 0 

Final concentration (0.2 0.1). (0.1 — 0.1) 0.1 M 


-0.1M -0 


® 
o to the formation of NH, ions, pH of the 


change. Alternatively, 0.1 M H,0® Solution 
(2) a 


does not € given by HCI, 
i IM 
combines with o OH (from NH,OH) to form H,O. 


© 


HO? + OH 


—> 2H0 
Given by HCl) E 


(Given by NH,OH) 
[o . 
As the OH p ia i eae the equilibrium (1) shifts in 
irection. Ihu . . 
the forward S More of NH 4OH dissociate to 


© , l 
produce more of OH ions which make up the loss of Ón 


o 
ions. Hence the [OH] and therefore, [H,O9] or the pH of 


the solution remains fairly constant. 


it is evident from the above reaction, that on addition of 
01M HCI (S,) to the basic buffer, the concentration of 
W, (NH,OH) decreases (0.2 — 0.1 = 0.1 M) whereas the 
concentration of NH,CI (salt of W,,/S ,) increases (0.2 + 0.1 
= 0.3 M). 

Rule: BAB: (for memorisation) 

In basic buffer (B), when strong acid (A) is added, 
the concentration of weak base (B) decreases and the 
concentration of salt (W,,/S',) increases. 


Note: pH of the solution does not change due to the formation 


e 
of NH, ions (salt of W, and S,). 


811.5 BUFFER ACTION OF A STRONG Acip (^0.1 M) 
AND A STRONG BASE (^0.1 M) 


\solution of strong acid (e.g., HCl) of reasonable concentration 
0.1 M) acts as a buffer (See Fig. 8.7). The acid is completely 
issociated and all the H® ions are present in the free form. Initial 
HH increases only by 0.3 even after half of the acid is neutralised, 
ie its concentration is reduced to less then 0.05. Same is true for 
strong base whose solution acts as a buffer at higher pH (see 
ater parts of the titration curves in Fig. 8.7 and 8.8) which now 
"respond to dilute solutions of NaOH in presence of same salt. 
‘can be seen in Fig. 8.7 to 8.9 that some portions of the titration 
“es are flat, i.e., pH of titration mixtures changes very little even 
"addition of acid or base. It can be seen that these portions are 
“erally mixtures of acid and salt or base and salt. 


8, 
lL6 APPLICATIONS OF BUFFER SOLUTIONS 


* Many body fluids, e.g., blood or urine have definite pH 
and any changes in their pH indicates malfunctioning 
of the body. The control of pH is also very important m 
many chemical and biological processes. Many medical 
nd cosmetic formulations require that these be kept and 

b "ministered at a particular pH. E l 

dic or basic buffer find enormous use in industrial 
Processes and also in biological reactions. Like the pH of 


"ormal blood is 7.4, and for good health and even for the 


“vival, it should not change below 7.1 or greater than 7.7. 
m made of 


* body maintains the pH through a buffer syste 
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CO,? and HCO,” ions and H,PO 4° and HPO gs Similarly, 
the pH of gastric juice is kept constant in order to operate 
good digestive functions. 


8.11.7 CALCULATION OF PH OF AcIDIC BUFFER 
SOLUTION OF (CH,COONA + CH4COOH) 
(HENDERSON-HASSELBALCH EQUATION) 


If weak acid is represented as HX, and its ionisation constant 1s 
given in the equation as: 


HX + H,O ==> H,O? + X^ 


= [O] ] 
K= ay 
o, _ Ka [HX] 
kA [H,O ] [Xo] 


Taking negative logarithm on both sides, we get 
-log[H,O9] = -log K, - log[HX] + log[ X] 


[X^] 
[HX] 


o 
The quantity EE] 
[HX] 


pH - pK, * log 


is the ratio of concentration of salt 


(or conjugate base of acid) and acid present in the mixture. 


Salt " 

Therefore, pH = pK, + log eal ...(1) 

pH =4.76 + log ond, D 
[Acid] 


(pK, of CH,COOH - 4.76) 
Equation (i) is known as Henderson-Hasselbalch equation. 


Note: A mixture of CH,COOH and CH,COONa acts as buffer 
solution around pH = 4.75. 


8.11.8 CALCULATION OF PH OF BASIC BUFFER 
SOLUTION OF (NH,CL + NH,OH) 


Mixture of NH,Cl and NH,OH can be expressed in two ways: 


® © 
NH,OH (aq) == NH4 + OH(ag) (i) 
or 


® 
N H4 (aq) + H)O() ——— NH,(aq) + HO?(aq).— ...(ii) 
or 


® 

NH, (aq) + H5O(l) => NH,OH(aq) + H®(aq) ...(iii) 
e ©) 

[NH,][OH] 


[NH,OH] 
Taking negative logarithm on both sides, we get 


From equation (i), K, = 


© e 
—-log[ OH] = -log K, - log[NH,OH] + log[NH,] 


e 
[NH,] 
— pK, + log ——————— 
pOH = P^» * 8 rH OH] 
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The quantity EOD is the ratio of concentration of salt 
[NH 


(or conjugate acid of base) and base present in the mixture. 
[Salt] 
[Base] 


Therefore, pOH = PK, + log (iv) 


(or) 


a aia qoia 
14 - pOH = p^, È PBase] e] 


[Salt] l 


^ pH = (14—pK,)- zi [Base] 


Since pK, + pK, = 14 


It id 
pH = PK, -ogha (pK, of NH, =9.25) 
[Base] 
H= 9.25+1 
p ^E Salt] 


It is to be noted that the highest buffer capacity should 
be around 9.25 (When [Base] = [Salt]), and furthermore the 
concentration of NH, is actually the concentration of NH ,OH. 


Note: A mixture of NH ,OH and NH 4Cl acts as buffer solution 
around pH - 9.25. 


8.11.9 CHANGE IN PH OF AN ACIDIC BUFFER 
(WHEN AN ACID OR A BASE IS ADDED) 
The addition of H ions or OH? ions to an acidic buffer ( HA/A9) 
does not appreciably changes the pH of buffer. Similarly, we can 
analyse the same for a basic buffer (BOH/B®). 
In actual, pH of a buffer solution changes by a small quantity. 
Let us calculate this change in pH quantitatively. 
Consider an acidic buffer HA/A9, where [salt] = 
[acid] = [HA] 
a. An acidic buffer is rich in A? ions. Let us add x mol 
L' of HCI to it. This added HCI (H®) reacts with 
A? (salt) to give undissociated acid as follows: 


H®+A° — HA 


[A9] and 


[Salt] [Acid] 
After adding [Salt — x] [Acid + x] 
x MH? ions: 
Now using Henderson's equation, 
2 [Salt] 
pH(Original buffer) = pK, + log [Acid] 
pH(New) - pK, * log TOR (using AAA rule) 


— pH of buffer decreases. 
Change or difference in pH = pH(New) — pH(Original) 
b. Letus add x M NaOH to the buffer. This added NaOH (OH? 


ions) reacts with acid (HA) to produce salt and H,O. 
C 
OH * HA —> A9 + H,O 
[Acid] [Salt] 
After adding [Acid - x] [Salt + x] 
x M OH® ions: 


Consider an basic buffer BOH/B®, where [salt] = 
[weak base] = [BOH]. 


[Salt + x] 
[Acid - x] 
— pH of buffer increases. 

Change in pH = pH(New) - pH(Original) 


=> pH(new) = pK, + log (using ABA rule) 


8.11.10 CHANGE IN PH OF A BASIC BUFFER 


(WHEN AN ACID OR BASE IS ADDED) 


[B®] and 
a. A basic buffer is rich in B® ions. Let us add x M NaO to 


it. This added NaOH (OH) reacts with B® (salt) to give 
undissociated base as follows: 


OH+B® —> BOH 
(Salt) (Weak Base) 
[Salt — x] [Base + x] 


After adding x M O H ions: 
Now using Henderson’s equation 
[Salt] 
pOH (original buffer) = PK, + log [Base] 
[Salt — x] 
[Base + x] 
— pOH of buffer decreases. 
— pH of buffer increases. 
Change in pOH = pOH (New) — pOH (Original) 
Change in pH - 14 — Change in pOH. 
ii. Let us add x M HCI to the buffer. This added HCI 
[H® ions] reacts with BOH (weak base) to produce 


pOH(new) = pK, + log (Using BBB rule) 


B® (Salt) and H,O. 
BOH+H®  —— B9-« H,O 
(Weak base) (Salt) 
After adding [Base — x] [Salt + x] 
xM H® ions 
' pH (original buffer) = K, + log [Salt] 
l uffer 
" 5 P M [Base] 
_ [Salt + x] rule) 
= pOH (new) = pK, + log ————— (Using BAB me 
[Base — x] 


— pOH of buffer increases but pH decreases. 

Change in pOH = pOH(New) - pOH(Original) 

Change in pH = 14 — Change in pOH. 
Note: A buffer solution is assumed to be destroyed if on adding 
strong acid or base, its pH changes by +1 units (i.e., 2 units). 

pH(new) = pK, + 1 (if the initial pH of buffer solution W85 

[Sat] |. [Sal] _ oo 1. 
[Acid] [Base] 10 


8.11.11 BUFFER CAPACITY (f) 


pK]. This means the ratio 


It is defined as the number of moles of acid or base that caus? 
the change in pH of a litre of a buffer by 1 unit. Buffer capaci 
is a quantitative measure of the resistance of a buffer solution 
acid or base. 


d 


Y" 


án E Ky *[H9] + CbufferK [H9] 
T WM e) 


i [Learn this formula as a direct result] 
"m the infinitesimally small number of mol 
e 4: d(pH) is the resulting change in pH: 


T 
F - [HA] + [A9] = Total buffer concentration. 


puffer 
wevet, for most of the buffer solutions, first and second 


nthe above expression are relatively smaller as compared t 
0 


yf ence the b i 
ti rd term and h uffer capacity can be approximately 


es of acid or 


fined 88° 
d i 3 303 Cin K IH] 
P^ qpH) (K, +°)? 


puffer capacity is also known as buffer efficiency, buffer 
ges, OF buffer value. 
puffer capacity of a buffer is maximum when pH = pK, and 
a 
,gven by: 


C K 

— 2303796 E y nc K, is al 

puffer capacity of a solution of a strong acid or base at any 
is given by: 

© 

j- WL = 2.303 {[0H] + [H?]] 

d(pH) 

It has been seen experimentally that a solution of a strong 
xid has a high buffer capacity below a pH of 2. Likewise, a 
sion of a strong base has a high buffer capacity above the 
Hof 12. 

Note: Buffer capacity as defined above is instantaneous and 
tus can be calculated at any instant. However, we can also 
&fine an average buffer capacity as: 


i An 
“8 A(pH) 
"rr example: Calculate the buffer capacity of an HCI solution 
‘ng a pH = 2. 
Šol, Buffer capacity = B = 2.303 ([H9] + [OH°]} 
= 2.303(10? + 107^) 
= 0.023. 


Waan a.a 


Ca 
| Cult the pH of solution in which 0.2 M NH, 
^f present the pk, of NH, solution is 4.75. 


Cl and 0.1 M 


wi First Method: 
€ solution of NH,CI and NH, is a basic 
? applying buffer equation 
Salt 
pOH = pk, + log | 


2| 
— 4.75 * log 01 


buffer solution. 


Ionic Equilibrium 8.41 


= 4.75 + log 2 
= 4.75 0.30 
= 5.05 
i pH = 14 - pOH = 14 - 5.05 = 8.95 
Second Method: The ionisation constant (k,) of NH, 
k, = antilog (—pk,) i.e. 
k,= 10475 = 1.77 x 105 M 
& O 
NH, + H,O = NH, + OH 
Initial conc. (M) 01M - 020M 0 
At equilibrium (M) (0.1 - x) (0.20 + x) x 


6 © 
k, = [NH4] [O HV/[NH;] 

= [0.20 + x] (x)/(0.1 — x) = 1.77 x 10° 
As k, is small, neglect x in comparison to 0.1 M and 0.2M 
thus, 
o 
OH =x 7 0.88 x 10° 
[H9] = 1.12 x 10? 
pH = -log[H*] = 8.95 


Calculate the pH of a solution made by mixing 0.1 M NH, and 
0.1 M (NH,),SO,. (pK, of NH, = 4.76) 


“Sole | It is a basic buffer. 
[Base] = [NH] = 0.1 M 
[Salt] = [((NH,),SO,] = 0.1 x 2-02 M 


Therefore, 


e 
[(NH,), S0, — 2NH, * $07] 


[Salt] 
j [Base] 
0.1M 
= 4.76 + log 2 
= 4.76 + 0.3 = 5.06 
^ pH = 14 - 5.03 = 8.94 


pOH = pK, + lo 


= 4.76 +log 


How much volume of 0.1 M CH,COOH should be added to 


50 mL of 0.2 M NaAc solution to have a pH 4.91? 


| Sol. It is an acidic buffer 
[Salt] 
=pK_+ log ——— 
pH -P^4* OBT Acid] 


4.91 = 4.76+ l| A8 | 
Acid 


` log E = (491 — 4.76) = 0.15 
Acid 


ca ilog (0.15) = 1.41 
[Acid] - ntilog (0.15) = 1. 


mmoles of NaAc = 50 x 0.2 = 10 
mmoles of HAc required = 0.1 M x V 


Salt | ies 10 
Acid cS T «Ix 


8.42 Physical Chemistry 5 mmol; [HAc] = = 5 m mols; [ 


p 10 
> Pa 
-. Volume of 0.1 M HAc required = 70.92 mL 


i. At what pH will the mixture of HCOOH and HC OONa 
give buffer solution of higher capacity? 


= 70.92 mL 


. _.[HCOONA] . erofpH 4.25 
ii. Iculate the ratio of ———————- ina buffer of pH 4.25. 
ii. Calculate th HCOOH] 
(K, of HCOOH = 1.8 * 10+) 
dpH 


ISI i. Buffer capacity = 


dn acid or base 


Buffer capacity is the highest or maximum near the pK, 


of acid (provided total number of moles of salt and acid 
remain constant). In this case, 


pK, = -log (1.8 x 10) = 3.74. 
This is the pH of high capacity buffer. 


ii. In order to obtain a buffer solution of pH = 4.25, 


according to Henderson's equation, 
[Salt] 


> [Acid] 


425 = 3.74 + log E 
Acid 


pH = pK, + log ———- 


Salt 
— |= antilog(4.25 — 3.74 
€ & 


= antilog(0.51) = 3.24 


How much of 0.3 M NH,OH should be mixed with 30 mL of 
0.2 M solution of NH,CI to give buffer solution of pH 8.65? 


‘Sol. It is a basic buffer. 


i. pH =8.65, pOH = 14 - 8.65 = 5.35 


pOH = pK, + log 


[NH ] 
5.35 475 + log NH [NH,OH] 


[NH] 
[NH,OH] 
= antilog(0.6) ~ 4.0 


= antilog(5.35 — 4.75) 


© 
[NH,] 
' [NH,OH] 
- V-5mL 


Calculate the pH of the following mix-tures given K, 

1.8 x 10? and K, = 1.8 x 1075 (pK, = pK, = 4. 7447). 
a. 50 mL 0.05 M NaOH + 50 mL of 0.1 M CH,COOH 
b. 50 mL 0.1 M NH,OH + 50 mL of 0.05 M HCI 


30x0.2 
|» .03xV ~ 


SUD a. [NaOH] = 2. 


"i mmol; [salt] formed = 2.5 mmol 
pH = pK, + log (salt/acid) = 4.7447 + log(2.5/2. 5) 
= 4.7447 
b. [NH,OH] = 5 mmol, [HCI] = 2.5 mmol 
[NH,OH] left = 2.5 mmol 
[NH,CI] formed = 2.5 mmol 
pOH = pK, + log(salt/base) = 4.7447 + log(2.5/2 5) 
= 4.7447 
pH = 14 — 4.7447 = 9.2553 


CH;Coor 


What volume of strong monobasic acid of normality 10 is needed 
to prepare | L of a buffer solution of pH 9, using 1 mol of NH, 
and as much of strong acid needed. (K, for NH, = 1.8 x 105) 
(pK, — 4.7447) 


ISO NH,CI is a salt of S,/W, 
[Since W,(NH,) is left and NH,CI is formed. So, a mixture 
of W, and salt is formed, which is a basic buffer] 
NH, + HCH NH,CI 
Initial l x 
Final (1 -x) x 
pOH = 14-—9=5 
pOH = pK, + log(salt/base) 
5 = 4.7447 + log(x/1 — x) and x = 0.64. 
N,V, = 0.64 and V, = 0.64/10 = 0.064 L = 64 mL 


40 mL sample of 0.1 M solution of nitric acid is added to 20 
mL of 0.3 M aqueous ammonia. What is the pH of the resulting 
solution? (pK, = 4.7447) 


ENDS HNO, + 


4 mmol 


NH, —— NH 4NO, 
6 mmol 4 m mol 


[Since W 5 (NH) i is left and salt (NH, NO, 3) is formed so it 
isa basici buffer] 


Base left = 6 — 4 = 2 mmol 

[Acid] = 40 x 0.1 = 4 mmol 

[Base] = 20 x 0.3 = 6 mmol 

^. POH = 4.7447 + log 4/2 = 5.0457 and 
pH = 14 - 5.0457 = 8.95 


The base imidazole has a K, of 8.1 x 105. 


à. In what amounts should 0.02 M HCl and 0.02 M 
imidazole be mixed to make 100 mL of a buffer at 
pH 7? 


b. If the resulting solution is diluted to | L, what is the 
pH of the diluted solution? 
Sol. . a. pOH = pK, + log(salt/base) 


7 = 8 — 0.90848 + log(salt/base) and 
(base/salt) = 1.23458. 


Ionic Equilibrium 8.43 


~~ jax mL of HCl and y mL of imidazole are mixed (since 


molarity is same) 40 
HCl + Base —> Salt ^ pH = 4.74 + 7E] 
jnitial A Y 0 = 4.74 + log 2 - log 3 
pinal 9 ia x = 4.74 + 0.3 - 0.48 = 4.56 
x+y = 100 ml, y= 400% iii. 90% neutralisation of W, means 90% salt of W,/Sp is 
pase VOX _ 100 — 2x formed and 10% W, is left. 
dto x " = 1.23458 90 
" 230.9 mL (volume of acid) *, pH 7 4.74 + log tj 
volume of imidazole = 100 — 30.9 = 69.1 = 4.74 + log 3? 
p, pH remains same (since on dilution the concentration ed Oed c sn 


How many moles of NaOH can be added to 1.0 L of solution of 


gilt titration ofa solution of a weak acid HX with NaOH, the 0.1 M NH, and 0.1 M NH,Cl without changing pOH by more 
4858 after 10 mL of NaOH solution has been added and 6.40 than one unit (pK, of NH; = 4.15)? 
et 20 mL of the NaOH has been added. What is the ionisation WSS) It is a basic buffer 
stant of the acid HX? - 
x alt 
Let the normality of HX and NaOH - 1. pOH = pK, * log EJ 
iex mEq or mmol of HX is present initially. d 
= 4.75 + log] — 
When pH = 5.8 pon š 0.1 
[Salt] = 10 x 1 = 10 mmol pOH = pK, = 4.75. 
[Acid] = (x — 10) mmol Let x mol of NaOH is added (rule BBB). In a basic buffer 
When pH = 6.4 (B), on adding strong base (B), the concentration of weak 
[sal] = 20 x 1 = 20 mmol base (B) increases and that of salt decreases. On adding the 
[Acid] = (x — 20) mmol base, pH will increase and pOH will decrease. 
58=pK, + log(10/x — 10) ...(1) New pOH = 4.75 - 1 = 3.75 
= + = T 2 
64 pK, log(20/x | 20) | (ii) 1 375= 4:75 + log 0.1-x 
Solving equations (i) and (ii), calculate the value of x and 0.14 x 
PE, 0.1-x 
pK =61 3.75-4.13 = og) 5 " 1 
0.1-x 
-1 = lo 
——— i e] 
Adefinite volume of an aqueous N/20 acetic acid (pK, = 4.74) 1s Taking antilog both sides 
‘tated with a strong base. It is found that 75 equal-sized drops | 0.l-x 


NaOH added from a burette effect the complete neutralisation. 


: | 10 divx 
ind the pH when an acid solution is neutralised to the extent of directii 
f, 40%, and 90%, respectively. ke - l i T 
lli During the titration of weak acid with strong base, if weak ^ Ixa 1-0.1 
acid is left behind, acidic buffer is formed. Hx > 2 
i 20% neutralisation of W} means 20% salt of W,/Sp 1s x= TS = 0.082 mol. 
formed 0 is left. 
ed and 80% E E x = 0.082 mol = 0.082 M (V = 1 L) 
a 
^ pH = + —— 
IT woisinamion 8.61 
-4744 TE] How many moles of HCl can be added to 1.0 L of solution of 0.1 
80 M NH, and 0.1 M NH,CI without changing pOH by more than 
one unit? K, of NH, 4.75 
endi (pK, of NH, = 4.75) 
I | Sok... Proceed as above in part (a). Rule (BAB). In basic buffer 
= 4.74 — log 2? ! 


(B), on adding a strong acid (A), the concentration of weak 


74/4-2x0.3— 4.14 €— e of WS, is base (B) decreases and salt increases. 
m 


* 40% neutralisation of W, 
formed and 60% W, is left. 


— ll 


€ 


Now, if 1.5 L of H,O is added, it just increases the 
volume, thereby decreasing concentrations of both acid 


8.44 Physical Chemistry OH 
On adding the the strong acid, pH decreases and p 


increases. 
New pOH = 4.75 + 1 = 5.75. 


0.l+x 
z. 5.75 = 4.75 + log janx 


mu 
0.1-x 


575—4.75- lol 


0.l+x 
= og t 
Taking antilog both sides 
0.14 x 
- Q.1- x 
1-10x 20.1] +x 
x= e = 0.082 mol. 


10 


x = 0.082 mol = 0.082 M (V= 1 L) 


A buffer solution of pH value 4 is to be prepared, using CH} COOH 
and CH,COONa. How much amount of sodium acetate is to be 
added to 1.0 L of M/10 acetic acid? (K, = 2.0 x 10°) 


5 


"Sol. For an acidic buffer containing acetic acid, CH,COOH 
and sodium acetate, CH4COONa, we have 


K, [acid] 
[H7]- [salt] 
salt 
(Use this formula, rather than) pH = PK, + log = T 


[CH,COOH] = 0.1 M; 
[H9] = 104 M and let [CH,COONa] = x M 


2x10? x0.1 
— [H9] s 


=> x= 0.02 mol, i.e. 0.02 mol of CH,COONa is required. 


What will be the pH if 0.01 mol of HCl is dissolved in the above 
buffer solution? Find the change in pH value. 


ES. Now 0.01 mol of HCI ((H9] = 0.01 M) is added to 1 L of 
buffer, this will react with acetate ion (CH4COO?) as: 
CH,COO° + H® ——, CH,COOH 
0.02 0.01 0.1 
0.01 0.11 
= [acid] = 0.11 M and [salt] = 0.01 M [V = 1.0 L] 
=> pH, =pK, Most 


dd 0.11 


= 4.7 + (-1.04) = 3.66 [use log 11 = 1.04] 
— Change in pH = 3.66 — 4.0 = —0.34 


How will the pH be affected if 1.5 L of H,O is added to the 
above buffer? 


alt] 


remains constant, He 
d] Tice. 


; [s 
and salt. The ratio log [aci 
pH remains same. 


Calculate the pH of a buffer by mixing 0.15 mole of NH OH 
and 0.25 mole of NH,CI in a 1000 mL solution K, for NH,OH 
=2.0 x 10°. 
WSN) 0.15 mol of NH,OH and 0.25 mol of NA CT Gi 
1000 mL (1.0 L) solution give a basic buffer. 
pH = 14 - pOH 
Now using Henderson's equation: 
[salt] 
[base] 


pOH - pK, * log 


log(2.0 10?) «lo xen 4.92 
= — Ux = 4. 


To 1.0 L of a decimolar solution of acetic acid, how much 
dry sodium acetate be added (in moles) so as to decrease 
the concentration of H® ion to 1/10th of its previous value? 
K =2.0x 10°. 


oi) CH,COOH(aq) ——— CH,COO® (aq) + H*(aq) 
=[H®] =Ca (C=0.1M) 


= JK,C = 42.0x10?x0.1 =1.41 x 103M 


[Check yourself that approximations are valid] 
Note that when salt, CH,COONa is added, the solution will 
behave just like an acidic buffer solution. 
Using, Henderson’s equation: 
[salt] 


[acid] 


pH = pK, + log 


&1. y lacid] — , [acid] 
> [H"]- K, [salt] or [salt] = K, "S 


l : 

Now, [HP] ew = :CXL41x10 M= 141 x 104M 

(2.0x10™) (0.1) 
1.41x10~ 


— moles of salt, sodium acetate = 0.0142 (214.2 mmol) per 
1.0 Lis required. (V = 1.0 L) 


Calculate the pH of 0.10 M NH, solution Calculate the pH after 
50 mL of this solution is treated with 25 mL of 0.10 M HCl. 
(k, of NH, = 1.77 x 1075, pk, = 4.76) 


SUD First Method: 


mmoles of NH,= 0.10M x50 mL=5 
m moles of HCl- .10 M x 25 mL = 2.5 


=> [sali] = = 0.0142 M 


i Ionic Equilibrium 8.45 
^^, „moles of HCI react with 2.5 mmoles of NH onic 


15mm ies of NH,Cl and 2.5 3 to form o 
moles 4 .2 mmoles of ; E on 

ja base buffer solution. NH, is left and Thus, y- 177x105 2 [OH] 

0 


$1 10-14 -5 20.56 x 10° 
f NH, + HCI 5 NHC [H9] = 10-!4/1.77 x 10 
5 4 Hence pH = 9.24 
iti! mmoles 2.5 2.5 


= 2.5 | 
) The equivalence point in a titration of 40.0 mL of a solution of a 


pOH = pk, + log E weak monoprotic acid occurs when 35.0 mL ofa 0. 10 M NaOH 
ase solution has been added. The pH of the solution 1s 5.5 after the 
= 4.76 + log | 25 addition of 20.0 mL of NaOH solution. What is the dissociation 
constant of the acid? 
= 4.76 | | 
pH= 14 -pOH = 14 - 4.76 = 924 SUI Let x mmol of HA is taken initially. Find x. 


Consider the equation of neutralisation: 


second Method: 
qi, HO == NH; + OH? HA + NaOH —> NaA + H,O 
3 , » u 
[NH7 [O°] Ex y 
k = — —— = 1.77x 105 | uM" "— 
NH; At equivalent point, millimoles of acid = millimoles o 
Before neutralisation NaOH [i.e., x = y] 
[NH] = [OH®] = x — millimoles HA = x = 3.5 [35 mL of 0.1 M NaOH] 
[NH,] = 0.10 - x = 0.10 At pH = 5.5, mmol of NaOH added = 2 = y 
" [20 mL of 0.1 M NaOH] 
Xo 217x105 — mmol of HA left 7 x — y 7 1.5 
and mmol of NaA formed = 2 
Thus x-133x10?- [OH] Now such a solution will behave as an acidic buffer, whose 
" ja pH is given às: 
107 ; 
Therefore a e. K, acid] dice e ppsa + 
[OHP] (1.33 x 107°) [H^] [salt] = 10°5=K,-- [10 = 410 x10 5] 


esto 10° = K,-422x 10$ 
pH = -log (7.5 x 107?) = 11.12 — -— 


On addition of 25 mL of 0.1 M HCI solution (i.e. 25 ACE SEE ea is 
mmol of HCl) to 50 mL of 0.1 M NH, solution (i.e., 5 m mol Consider a buffer solution containing 0.1 mol each of acetic 


of NH), 2.5 m mol of NH, are neutralised. The resulting acid and sodium acetate in 1.0 L of solution, 0.01 mol of NaOH 
75 mL (25 mL + 50 mL) solution contains the remaining is gradually added to this buffer solution. Calculate the average 
unneutralised 2.5 m mol. of NH, and 2.5 m mol of NH}. buffer capacity of the solution and as well as initial and final 
NH, + HCl == NH? + CP putieneapaogty. (K, = 2 10^ pK, 747) 
ns at u 2.5 2.5 0 0 Sol. ) pH of the solution is given by 
At eq. 0 0 2.5 2.5 H-pK. «4l [salt] 
The resulting 75 mL of solution contains 2.5 m mol of NH? PET P tamia "Et [acid] ' P H initiat = 4.7 
tons (i.e, 2.5/75 = 0.033 M) and 0.033 M of unneutralised when 0.01 M NaOH is added. [salt] = 0.1 + 0.01 = 0.11 M 
NH,. This NH, exists in the following equilibrium: and [acid] = 0.1 — 0.01 = 0.09 M 
NH,OH = NH? + OH® = Final pH of solution: 
0.11 
(0.033M-y) J. 7 pH = pK, + log—— = 4.787 
Where y = [OH9] — [NH?] 0.09 
final 75 mL solution after neutralisaion already contains = [H9]-K, [acid] 
s MNH? ions, thus total concentration of NH ions, is [salt] 
a " -s_ 0.09 
4117 0.033 + y CAR xni = 104 105M 


A(pH) = 4.787 — 4.7 = 0.087 

An _ 0.01 | 
A(pH) 0087 91148 
Cputter = [HA] + [A9] = 0.1 + 0.12 0(2M 


© 
_ [NH?][OH] _ (0.033)y 
[NH,OH] (0.033) Thus, Bay, = 
=1.77x 105M 


k, 


4 


8.46 Physical Chemistry = m 


pH initial = 4.7, [H®] initial = 2 x 105, &, = 2 * 10 
- . D> 
C punter Kal H ] 


Bye) = 2303 — 
Initial [K, à Lie 

5 5 

2x 2x10 "^ x2xl10 

Bua 00 pis 
[HS] pina = 1.64 * 105 M. 

s 5 

5 9 i )" 

Bo dug EHE E 


Final 


(2x10 1,64x10 y 


Note: Buffer capacity will decrease as more and more 
NaOH is added into the above solution. Check yourself that 
initially the buffer capacity was maximum. So, when 0:01 
M NaOH was added, we will see a very slight decrease in 
the buffer capacity but as more and more NaOH is added, 
buffer capacity will decrease sharply and the difference 
between the average and maximum buffer capacity will get 
magnified. 

1f 0.05 M NaOH is added in the solution initially, we can 

calculate the final pH as: 


K Vp = 5.177 
Bee Sighs = 


An _ 0.05 — 0.105 
A(pH) 0.477 


Calculate B,....., and Brina yourself. 


Thus. OM = 


8.12 HYDROLYSIS OF SALTS AND 
THE PH OF THEIR SOLUTIONS 


Salt hydrolysis describes the interaction of water and the cation/ 
anion or both of a salt. The pH of the solution is affected by this 
interaction. The cations (e.g., Na?, Rb®, Ca?*, Ba?*, etc.) of the 
strong acids do not hydrolyse and therefore the solutions of salts 
formed by strong acids and strong bases are neutral, i.e. their pH is 
7. Whereas the solutions of salts formed by strong bases and weak 
acids are alkaline, i.e. their pH 77. While the solutions of salts 
formed by strong acids and weak bases are acidic, i.e., pH « 7. 


The phenomenon of interaction of cations and anions of the 


salts with H^ and OH ions furnished by water so that there is 
some net change in the pH of the resulting solution is known as 
hydrolysis of a salt. 

Four cases have been discussed here to understand the 
behaviour of various type of salts. 


8.12.1 SALTS OF STRONG ACIDS AND STRONG 
Bases S/S, 


When such salts are dissolved in water, they do not undergo 
hydrolysis. They simply ionises and fail to change the H9? ion 
concentration of solution and hence the pH of the solution 
remains same, e.g., NaC], CaCl,, BaCl,, KCI, NaNO,, Na,SO,, 
and Ca(NO,),. 

NaCl(aq) == Na®(aq) + Cl^(aq) 


O 
H,O(aq) = H*(aq) + OH (aq) 


^ 


= — ie qM ee 


| The final pH of the solution remains 7 at 25?C, 
(If NaOH and HCI are formed, they neutralise each other " 


keep the pH same). 


8.12.2 SALTS OF WEAK ACIDS AND STRONG 
Bases W,/5, 


Such salts give alkaline solutions in water. Some of Such 
salts are: CH,COONa, Na,CO,, K,CO,, and KCN. Fo, "n 
discussion, we consider CH4,COONa (sodium acetate) in Water 
When CH,COONa is put in water, it completely ionises to gi, 


: (p; Elve 
CH,COO' ' (acetate) ions and Na” ions. 


Now acetate ions (CH,COO ) absorb some H® ions from 
weakly dissociated H,O molecules to form undissociateg 
CH,COOH. Na® remains in ionic state in water. 


Now for K, (ionic product) of water to remain constant, HO 


further ionises to produce more H^ and OH ions. H® ions are 


taken up by CH;,COO-* ions leaving OH ions in excess and hence 
an alkaline solution. 
Let BA represents such a salt. As it is put in water: 
BA(aq) + H,O(aq) ——— BOH(aq) + HA(ag) 
BA dissociates into ions and BOH being strong base also 
ionises. 


B® + A9 + H,O == B*(aq) + OH (aq) + HAlag) 

So, the net reaction 1s: 

A9(aq) + H,O == OH (aq) + HA(ag) 

[It is also called anionic hydrolysis] 

The above equation is known as the equation of hydrolysis and 
the equilibrium constant for such reactions is called as hydrolysis 
constant (K,). 

o 
[OH][HA] 
: [A ] 

Degree of hydrolysis 
It is defined as the fraction of total salt that has undergone 
hydrolysis on attainment of equilibrium. It is denoted by 2. Let 
c be the concentration of salt and h be its degree of hydrolysis. 

A" + H,O == OH + HA (equation of hydrolysis) 

C- Ch Ch Ch 


 [OH]HA] (Ch(Ch CH 


"s 3A] C-Ch Ish 

> | K 

=> K, = Ch- [assumingh<< 1] => h= Y 
Now considering dissociations of weak acid HA and H,0. 
[HIA] | 
m H? +A: K ——————— Al) 

HA APs K, [HA] 

H,O ——- H® + OH UK [H9] [OH] (ii) 


K -— 
= K,= ra (Subtracting equation (i) from equation (i); is 


get the equation of hydrolysis) 


D» 


ic Equilibrium 8.47 


Ft rr — 


pm „ker is the acid, greater is the hydrolysis consta i 
d ioe of hydrolysis increases when C decreases à 
f ition ee 
E substituting the value of K, in expression of h. 


[A 
2 h7 KC 
of solution 
i abasic solution is given as 
|? oO 2) 
i c 
" 14+log[(OH] and [OH] = Ch= JRC 
gpstinting for Ky We BEN 
e K,C 
o= y K, 
KC 


Ww 


K 


a 


2 pH = 14+ log 


> pH = LQpK, + PK, + log C) 


1 
or pH (at 259C)-2 7 + 3 (pK, * log C) 


112,3 SALTS OF STRONG ACIDS AND WEAK 
BASES S,/W, 


sch salts give acidic solutions in water. Some of such salts are: 
X&, CL. ZnCl,, and FeCl,. For the purpose of discussion, we will 
sasider hydrolysis of NH,CI. 

When NH,Cl is put in water, it completely ionises in water 
zeve NH,® and CI? ions. NH ,8 ions combine with OH? ions 
amished by weakly dissociated water to form NH,OH (weak 
us. Now for keeping K,, constant, water further ionises to give 
¥ and OH? ions, where OH* ions are consumed by NH,® ions 
zaving behind H® ions in solution to give an acidic solution. 

Let BA be one of such salts. When it is put into water, the 
action is as follows: 

B°+A°+H,O == BOH(ag) + H®(aq) + A^(aq) 

[HA is strong acid] 

The net reaction of hydrolysis is: 

B?+ H,O == BOH (aq) + H*(a9) 

C-Ch Ch Ch 

[It is also called cationic hydrolysis] 


_ g [BOHMIH®] | (C) (CD. _ CH cg 


' B®] C-Ch l-h 


<1) => re 


Considering ionisation of weak base BOH and H,O 
@ E H] 
BOH — © B“ J[O 
OH == B9- OH; K,= il 


outs © rs 
0 c ge. OH; K, - [H?] [OH] 


From expressions for K, Kp and K,, we have 


(As in section 8.6.2) 


K, = Ky } Ky 
h K, em PTS K,C 
pH of Solution 
Now, pH= -log [H®] 
K : e K,C 
and [H9] = C^ = C ra = {K,C > H i K, 
K C 
> pH = -log |Z 
b 
KC 


—— 


— pH - log K, 


l 
=> pH => PK, - pK, Io C) 


l 
or pH (at 25° C) = Po (piures C) 


For example 


a. Calculate pH of M/ 100 solution of CH,COONa at 25°C 
where K, of CH,COOH is 2.0 x 105. (pK, = 4-7) 

b. Calculate pH of M/100 solution of NH,Cl at 25°C where 
K, for NH, OH is 2.0 x 10. (pK, = 4-7) 

c. In above two cases, find the degree of hydrolysis taking K, 


elg 
Sol. a. Itisasalt of W,/S, (pK, = 4-7) 
1 
~ pH = 5 (pK,, — pK, —log©) 
1 E 
E^ (14 4.7 4 log 10 `) 
= 8.35 (pH > 7, solution 1s basic) 


b. Itis a salt of W,/S, (pK, = 4.7) 
l 
“ pH= 5 (pK,, — pK, - log C) 


1 > 
ae) (14 — 4.7 —logl0 ^) 


= 5.65 (pH « 7, Solution is acidic) 


. K, | iG [a 
C. i. A = on = ——————— => 
KC 2x10^ x10~ 2 
BEIM : 
T = 0.22 x 107 
[e i9 
aly 1 3 7 = 22 pt 
K,C N2x10^ x10 Dea Ran 


8.12.4 SALTS OF WEAK ACIDS AND WEAK 
Bases W,/W, 


| 


ii. h = 


Let us consider ammonium acetate (CH,COOHN,) for our 
discussion. Both NH, ions and CH,COO? ions react, respectively 


—— eee 


—— 


PEE URS 


——— 


8.48 Physical Chemistry 
rm NH ,0H (weak 


with OH and H® ions furnished by water to fo 
base) and CH,C OOH (acetic acid). 
Let BA represents such a salt. 
H® + A^ + H,O == BOH(aq) + HA(aq) 
i (weak base) ver acid) 
0 


Initially p € i ii 
At equilibrium C-Ch C-Ch Ch 
2,2 
|. [BOH][HA] . (Ch) (Ch) _ £ h ; 
di Bêta] C- C^ - h) 
SK T ~: taking square root on both sides to get: 
' (q-2* 


IK, 
p-——R Heel- 
A 


Note: Hence, the degree of hydrolysis of such salts is 
independent of the concentration of salt solution. 


Now considering the dissociation of both weak base and acid. 
pao Ee 
HA —— E NE [HA] 
60:0 
[B "][OH] 


e 
S ESSE CIEN e > = 
BOH B®+OH: K, [BOH] 


, © © 
H,O => H® + OH: E [H9] [OH] 


Combining K, K, Kp and K,, we have 


K JK 
K,= K and h = 1 x 
a^*b + h 


[It is also called cationic—anionic hydrolysis] 


(Observe that 1 — h + 1) (if K, is small, then A = VK) 


pH of Solution 
[H7][A] [HA] 
[HA] " [A] 
Since, bases and acids are weaker, hence 
[BOH] = [HA] = [B®] = [A9] 
 [BOH][HA] [HAT 


oh, come cai - 
^ ([B*A^] [A] 


= [H] = K/K, = EK, 
b 

pH =- log [H9] = -log | ky 
K, 


1 
=> pH = z Ky + PR a—PAp) 


Consider, K, = = [H] = K 


or at 25°C, pH = 145 (pK, — pK,) 


ee MEM NN LOS 


7 Alternative method: 


[HA] _ g x Kab 
[H9] = Ki [A^] a" C - h) (l-h) 


pH = -log [H?] = log K, — log(h) * log(1- py 
= pK, - log(h) + log(1 — h) 
If K, is small, then h is also small and thus A ~ (K,)!2 "T" 
(1-A)* 1. Therefore, 


Ua | «- K 
H = pK,- log(h) = pKa- log(K,) OK, eal 
p KK, 


or 


l 
-- pH= z (pK, + PK, PAY) 


For example: What is the pH of a 0.50 M aqueous NaCN 
solution? (pK, of CN^ is 4.70) 
Sol. NaCN is a salt of weak acid and strong base. The pH of it; 
aqueous solution is given by: 


] 
pH (at 25°C) = 7 + 505. * log C) 


Remember that of any acid and its conjugate base or vice- 
versa: pK, + pK, = pK, 

e.g., For acid (say HA), pK, corresponds to HA and pk, 
corresponds to its conjugate base: A^ , 
Thus, pK, of HCN = (pK, — pK,) = (14—4.7)=93 


So, pH(at 25°C) = 7 + PK, + log C) 


ey +503 + log 0.5) =11.5 


Calculate the degree of hydrolysis of a mixture of aniline and 
acetic acid each of them being 0.01 M. K, of acetic acid - 
1.8 x 10 and K, (aniline) = 4.5 x 10-!9. Also calculate pH of 
the mixture. 
ISI C,C;NH, + CH,COOH == C,H;NHCOCH, + H,O 
(Acetanilide) 
Now when we mix equal concentrations of aniline and acete 
acid, they will neutralise each other to form acetanilide (salt). 
The salt is of weak base and weak acid, so hydrolysis takes 
place. The degree of hydrolysis of the salt of weak acid and 
weak base is given by: | 


K -M 
Here, K, = —*- = —— = 1.23 
KK, L.8x10>x4.5x107" 2 


v1.23 1.109 


h= " _ 1.109 | 
GAB Lo 2.109 2 


However the pH of solution can be calculated by using the 
standard result: 


l 
pH = duri - pK,) 


v 


» 1 

_74—[-log 1. LI 
NC og 1.8x10 (log 4.519709) 
1. 45x19" 


—log ————— = 
18x10> 47 


wf . | in this case is acidic. In s 

(^ rion l uch salts, pH 

i i 1 which of the two, 1-€., Weak acid or P TUM 
P gonger than the other, I-€., by comparing K se, 
‘ one can theoretically get an idea about the pH of EU 
7 on. 

à l 
, The formula pH. = 7 + 5 Px, —pK,) is applicable even 


"m ‘p’ is large as no approximation of ‘h’ compariso 
with unity, has been taken in the derivation. 


genni m 


es of acetic acid and pK, of NH,OH are 4.76 and 4.75, 
„gectively. Calculate the pH of ammonium acetate solution. 


Acetic acid and NH,OH are weak acid (W) and weak base 
(Ig) respectively. When they combine a salt of W,and W 
ie, ammonium acetate is formed. So by using hydrolssis 
equation for salts of W, and W,, 


i 
pH - 75- (pK, + pK, - pK,) 


Ionic Equilibrium 8.49 


Calculate the degree of hydrolysis and pH of 0.02 M ammonium 
cyanide (NH,CN) at 298 K. (K, of HCN = 4.99 x 10°, K, for 
NH4OH = 1.77 x 105) 
sa 
K 2 eee = 
^7 499x107 x177103 — 1127 
It can be seen that hydrolysis constant (K,) is not small, and 
for calculating h, the equation used is: 


- JK, J132 106 


“I+JK, 1+ẸĒ/1.132 1+1.06 20 
Using the formula 
pH = pK, - log(h) + log(1 — h) 
= —log(4.99 x 10719) — log(0.51) + log(1 — 0.51) 
= 9.30 


8.12.5 CALCULATION OF DEGREE OF HYDROLYSIS 
(h), HYDROLYSIS CONSTANT (K,), AND PH 
OF A SALT (ZnCl;) OF WEAK DIACIDIC BASE 
(Zn(OH),] AND MONOBASIC Acip (HCI) 


For example: Calculate pH of 0.001 M solution of ZnCl... 


K, for Zn(OH), = 2.2 x 107? 


Sol. ZnCl, + 2H,0 === Zn(OH), + 2HCI 
= i (14 + 4.76 — 5.75) Zn2*+ 2H,O == Zn(OH), + He 
-7 + 0.005 = Before hydrolysis 1 0 0 
i 005 = 7.005 After hydrolysis C(1 — h) | Ch 2Ch 
lüeTRATION 8.72 Let concentration of salt be C mol/litre 
@,2 
te pK, of CH,COOH and pK, of NH,OH is 4.76 and 4.75, l _ nO) I .) 
respectively. Calculate the hydrolysis constant of ammonium [Zn ] 
wetate (CH.COONH,) at 298 K and also the degree of E Ch.(2Ch) " 
tydrolysis and pH of its (a) 0.01 M and (b) 0.04 M solutions. ~ Ch) ...(11) 
BD 4. CH,COONH, is a salt of W/W- un AE (assuming 1 — ^ = 1] | 
K, = antilog(- 4.76) = antilog[(-4 — 0.76 + 1-1) h? =K,/4C ...(iii) 
E © 
= 5 .24)] Now for Zn(OH), = Zn? - 20H 
-1.74 x 10? "m 
K, = antilogC- 4.75) = antilog[(-4 - 0.75 + 1 - D _ [Zo [OH] ; 
b g s b (iv) 
= 5.25]=1.77% 10 [Zn(OH);] 
ET By equations (i) and (iv) 
K 10 3 
E RE TIONI (Ky) 
KK,  174x10 "x1.77 x10 K, x K, = (K,Y -- K,7 z AV) 
= 3.25 x 10? S d 
Sine K, is small, and Uu B) h d -3 d s - =45x 1017 ...(Vi) 
nh (K,)!? = (3.25 x 10-5) 5.7 x 10 22x10 
board. M 45x10 
- PH= — (pK, & pK, - pKj) By equation iii), h= 3) —————>-_- = 2.24 x 10% 
så (14+4.76- 4.75) = 7.005 -. [H8] 2 2Ch = 2 x 0.001 x 2.24 x 107 
It 2 f hydrolysis (/) ~. pH = 6.3486 
has been already shown that the degree of DY » m pH 
and the pH are i nt of concentration an 
pH are independe COONH, is same, 


of 0.01 M and 0.04 M solutions of CH, 
le., pH = 7,005. 
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8.13 THE ACID-BASE TITRATION 


USING INDICATORS 


The reaction between acid and base is called neutralisation. lt is 
Very fast and the equilibrium constant fora neutralisation reaction 
is so large that it nearly proceeds to completion. It is a simple and 
convenient Volumetric method for quantitatively estimating the 
concentration of one if that of other is known. 

A known volume of the solution of acid or base is taken in a 
titration flask and an indicator such as litmus solution is added to 
it. This solution is titrated by adding known volumes of the other 
solution in steps from the burette. At the end point. There is a 
change of colour. Litmus solution is red in the acidic region and 
blue in the basic region. 

A number of weak organic acids (¢.g., phenolphthalein, methyl 
orange, ete.) act as indicators if the unionised acid (HIn) and its 
anion Und“) have different colours. the colour of the indicator 
is in between that of the corresponding acid (HIn) and its anion 
(Ind-). Methyl orange has red colour in the acidic region and 
vellow colour in the basic region. 

The choice of indicator depends on the abrupt change of the 
pH'during neutralisation near the end or equivalence point. 


8.13.1 pH OF MIXTURES OF ACIDS AND BASES 
The rules for determining the pH of mixtures of acids and bases 
are as follows: 


a. If strong acid (S,) or strong base ($5) remains unused, 


© 
calculate the concentration or molarity of H® ions and OH 
ions left in the solution and then calculate the pH or pOH 
accordingly. 

b. If weak acid (W’,) or weak base (W,,) is left behind or remains 
unused, a buffer (acidic or basic) is formed. Calculate the 
concentration of salt formed (mmoles of salt formed/volume 
of solution) and the concentration of W, or W p left behind. 
Use the buffer equation to calculate the pH of the solution. 

c. If acids or bases are completely neutralised, then salt is 
formed. Calculate the concentration of the salt formed 
and use the hydrolysis equation to calculate the pH of the 
solution. 

Let x mmol of acid (HA) and y millimoles of base (BOH) 
are taken. (Note that acid is monobasic and base is monoacidic. ) 


8.13.2 STRONG ACID AND STRONG BASE 


e Ifx=y, then complete neutralization takes place and we get 
x(=y). Millimoles of salt (BA) of strong acid and strong base 
which means no hydrolysis takes place and pH of solution 
= 7, 

If x — y, then there is an excess of strong acid and resulting 
solution is acidic with millimoles of acid left in excess 
- x - y. Now if V (in mL) be the volume of mixture, then 
=M=, 

y 

Now calculate the pH using the equation PH log[H'"] 

If x € y, then there is an excess of strong base and resulting 

solution is basic with millimoles of base left in excess 

= y - x. Now if V (in mL) be the volume of mixture, then 


y-—X 
= Mz . 
V 


Now calculate the pH using the equation pH ~ 14- logro ! 


8.13.3 STRONG BASE AND WEAK ACID 


e If x — v, first of all complete neutralisation takes pl 
produce x(~y) mmol of salt (BA). The salt will now u 
hydrolysis to give an alkaline solution. Calculate its 
using standard result. 


Ace to 
Nderp, 
PH by 


| , 
pH= 7+5 (pK, +logC) 


C is concentration expressed in M( mol L- 

e If x > y, there is excess of weak acid whose mill 
=x-y and x mmol of salt is formed. This will give an 
buffer solution. Calculate the pH of the buffer solution 


Imole: 
acidic 


USing 
the standard result: > 
[salt] 
= pK,-log———- - pK +o 
pH p a * acid] p " g Pes 
e If x € y, the solutions in this case contains Excess of strong 


base whose millimoles are y — x. 


— xX 


yeZ 


Calculate pH using the equation 
pH = 14 - log [OH] 


8.13.4 STRONG ACID AND WEAK BASE 


e If x — y, first of all complete neutralisation takes place to 
produce x( =y) mmol of salt (BA). The salt (BA) is of strong 
acid and weak base, hence hydrolysis takes place to give an 
acidic solution. Calculate its pH by using the standard result. 


pH = 7-l(pK, +log C): C mol/L 


e If x 7 y, then solution contain excess of strong acid whose 
millimoles = x — v. 

X-—y 
M= a 

J 

Now calculate pH using the equation pH = - log(H7] 
If x < y, then there is an excess of weak base whose 
millimoles are v — x and millimoles of salt (BA) are x. This 
will give a basic buffer solution. Calculate the pH by using 
Henderson’s equation. 


pH- 14 pA log ent 
j [base] 
=k, 


X 
log ——— 
y-x 


8.13.5 WEAK ACID AND WEAK BASE 


e lU x = y, neutralisation takes place completely with the 
formation of x (=v) mmol of salt (BA) of weak acid and 
weak base. So hydrolysis takes place. Calculate the pH b} 
using: 


PER" 
pH = 7 « (pK, - pK,) 


N 


Titration of Strong Base (5,) vs Weak Acid (W,) 


Ionic Equilibrium 8.51 
y then excess of weak acid (x — y) will m p 


27727 da pc : remain withy — qu. 
í if? f of salt. This will give an acidic buffer. th y 
pm 


[salt] 


z — = pK _+loo y 
2 pK, *leBr gia] atg 
p 


X—y 


W,(CH4COOH) 
_y, then excess of weak acid (v — y) 


and x mmol of 
i of salt. 
T MT give a basic buffer. 
i £ 


This 
K -lo [salt] 
pl = |4- Ph» P [base] 
Y To calculate 
- pK, — log pH of the Sg (NaOH) 
ediephy mE y-x solution | eee B 
ç ILLUSTRATION OF TITRATION OF Acips Fig. 8.3 
d AND BASES Case I: When no titration is carried out. 
i is a str then pH. 
vation of Weak Acid vs Strong Base (W,/S,) It is a strong base. Calculate pOH and then p 


POH = -log [OH] 
Case II: When the titration is < 100%. 


Salt of W, and S, is formed but strong base is left in the conical 
flask. So, it is a case of S,. Calculate pOH and then pH. 


Hill, 
M 


^il, 
Ü 
hl 


Strong base (Sg) 
aOH) 


lll, 
dil 


i} 
| 


- 


| To calculate pOH =- log [OH] 
| pHof l ee 
| solution (CH: COO Wa Case III: When the titration = 100%. — | 
Fig. 8.2 Salt of W,/S, is formed calculate pH by using hydrolysis formula 


(as in type A). (Case IIT). 


ek When no titration is carried out. Case IV: When the titration is > 100%. 


sa case of weak acid. Calculate pH by using the formula 


- Salt of W, and S, is formed and excess of W, is left in the flask. 
4 1 So acidic buffer is formed. Calculate the pH of the solution by 
pH, = z (pK, -logC) using acidic buffer equation. 
a II: When the titration is < 100%. Titration of W, vs S, 


E of weak acid and strong base is formed and W, is left 
t% conical flask. So, acidic buffer is formed. Calculate pH by 


== the formula. = S, HCD 
[salt] = 
HH. = pK, + loge 
icf ` P*a + 087 Acid] 


hip When the titration = 100%. | 
N - W/S; is formed. Calculate the pH by using hydrolysis 


la To calculate 
muy ; 
pH of -— 
solution Ws (NH4OH) 
] = 
pH = 5 (PK, + pK, + log C) Fig. 8.4 
PT Case I: When no titration is carried out. 
vie V When the titration is > 100% It is the case of W. Calculate pH by using formula of W 


to A T " m. . 5 : . - 
ak mpletely neutralised and excess of S, 1s left in the conical 


gu 
“culate the pOH and then pH of the solution. pOHy, = 2 (pA, = log C) 
POH- LO Case II: When the titration is « 10094. 
log [O H] 


Salt of W/S is formed and Wy is lett in the flask. So basic buffer 
is formed. Calculate pH by using the formula. 


[Salt] 


OH pA, + log 
P l * [Base] 


Basic buffer 


~ 


> 


a Co 
Case III: When the titration = 100% 


i MER j t 

S V i. No titration 1s carried ES i 

alt of J PAY is formed. Calculate pH by using hydrolysis formula. D. AME A ,SO, is added. 
AC . 


| iii. When 5 mL of H,SO, is added. 
pH = = (pKw- pK, - log C) iv. When 10 mL of H,SO, is added. 
i the titration > 100% d. 10 mL of M/IO sn solution is titrated With 
M c ME M/10 solution of NH ,OH. 
i [d i k. d ‘ 4 
Wp is completely neutralised and excess of S, is left in the flas (Eoo de ROM out. 
Calculate pH accordingly. ii. When 10 mL of NH,OH is added. 
pH =- log [H®] lii. When 20 mL of NH,OH is added. 
iv. When 40 mL of NH,OH is added. 
i | - . Li Li 
bi d (SRD a. i. When no titration is carried out (it is a Case of 
= W). 
=3<— Wp (NH4OH) r 
- ^. PHy, = z (pK, - logC) 
l l 
= —|4.74 -log— 
2 i i 
To calculate 7 1 7 e 1 
| pH of the Te (4.74 —loglO ) 7 (4.74 - ]) 
solution 
= 2.87 
hine a ii. When 16 mL of NaOH is added (acidic buffer s 
Case I: When no titration is carried out. formed) 
It is a case of S,. Calculate pH accordingly. l 
pH = -log [H®] 


mmol of CH,COOH = aT =2 
Case II: When the titration is < 100%. 


Salt of W,/S , is formed but S ' 18 left in the flask. Calculate the pH 


accordingly. , 
pH = -og [H®] 

Case III: When the titration = 100%. 

Salt of WS, is formed. Calculate 


mmol of NaOH = l6x— — 1.6 


1.6 mmol of NaOH react with 1.6 mmol of 
CH,COOH, so 1.6 mmol of CH,COONa is formed 


zd ed i Wi 
pH by using hydrolysis formula end wd H ae a i i 
(as in type C) (Case IIT). idein [Salt] 
Case IV: When the titration > 100%. ^ DH acidic butter = PKa t+ log TAcid] 
Salt of W/S, is formed and excess of W is left in the flask. So, diae . 
basic buffer is formed (as in type C, Case II). [Total V — 20 + 16 = 36 mL] 
1.6/36 
Calculate the pH of the solutions when following conditions = 4.74 + log 4 
a provided: =4.74 +2 x03 = 534 
Given: (pK, = 4.74) iii. When 20 mL of NaOH is added (salt of W/S; is 
à. 20 mL of M/10 CH,COOH solution is titrated with formed) | 
M/10 solution of NaOH. 


i. No titration is carried out. 


mmol of CH,COOH = 20x | => 
ii. When 16 mL of NaOH is added. 


10 
iii. When 20 mL of NaOH is added. mmol of NaOH = 20 x a =2 
iv. When 30 mL of NaOH is added. 10 
b. 20 mL of M/10 NaOH solution is titrated with [Salt] = [CH,COONa] = zs. m 
M/10 solution of CH,COOH, (20 + 20) mL 
i. No titration is carried out. 2 - 
ii. When 18 mL of CH,COOH is added. ~ gq 9095M 
iii. When 20 mL of CH.COOH ig added. MT : 
iv. When 40 mL of CH,COOH is added, pH 7 9 (PK, + PK, + log) 
c 10 mL of M/10 NH,OH solution is titrated with M/10 


solution of HSO 4: 


l 
pH = 2 (14 * 4.74 4 log (0.05)] 


l 
gom log 5 x 10) 


1 3 
= 5 (18.74 ~1.3) = 3.79 

., When 30 mL of NaOH ; Ec 

iv of S,) IS added (it iş a case 


mmol of CH,COOH = 20x _! 


— — 
= 


10 


mmol of NaOH = 30 x E 
0 
mmol of NaOH left = 3.5 = | 


Ww 


<= 


© l 
[NaOH] =[OH] = 59 7 002M =2x107 M 
pOH = -log (2 x 102) = 1.7 
pH = 14 — 1.7 — 123. 


_;. No titration is carried out (it is a case of S ) 
B 


l 
= —=107 
[NaOH] = + 


pOH = 1, pH= 14 — 1 = 13 


When 18 mL of CH,COOH is added (it is a case 
of Sp) 


mmol of NaOH = 20x—=2 


—- 


ii. 


mmol of CH,COOH = ]8x T 3 


mmol of NaOH left22—1.8—-02 


[OH]- 0.2 mmol 
(20 +18) mL 


poH = -log (5 x 102) =3 —0.7=2.3 
pH = 14-—2.3 = 11.7 
iii. When 20 mL of CH,COOH is added (salt of W / 
Sp is formed) 
Same answer as in part (a), case (iii) 
pH = 10.02. 
iv. When 40 mL of CH,COOH is added (acidic buffer 
is formed) 
mmol of NaOH = 2 


=0.005=5x107 


mmol of CH,COOH = 40x c =4 


mmol of CH,COOH left = 4 — 2=2 
mmol of Salt (CH,COONa) formed = 2 


/60. 
pH = 4.744 iog- 


2/60 
pH = 4.74 i y 
i When no titration is carried out (it is case of W,) 

1 7 
[NH,OH] = —-10 M 

10 

l (4.76 - log 10" 

POH, = = (PK; -logC)- 5 (476-108 10°) 


(4.76 +1) = 2.88 


L 
2 


Ionic Equilibrium 8.53 


pH = 14 -2.88 = 11.12 


ii. When 4 mL of H,SO, is added (basic buffer is 
formed) 


mmol of NH,OH = 10x = = | 
l 


mmol of H,SO,= 4x T =(0).4 


2NH,OH + H,S0, —> (NH,),SO, + 2H,O 


Initial | mmol 0.4 mmol 0 
Final (1—2 x 0.4) (0.4 — 0.4) 0.4 mmol — 
- 0.2 =() 


^. [NHOH] en = 0.2 mmol 
^. [(NH,),5O,] = 0.4 mmol 
® 


[NH,] =2 x 0.4=0.8 mmol 
Total V=10+4=14mL 


POH asic buffer 


c 
0.2/14 


= pK, + lg 

= 4.76 + log 4 

=4.76 +2 x 0.3 

= 5.36 

pH = 14 — 5.36 = 8.64 

Alternatively: mmoles = mEq of NH,OH = 1. 

mEq of H,SO,= 4x = x2 (n factor of H,SO,) 
= 0.8 

mmol = mEq of [NH,OH],., = 1 — 0.8 = 0.2 

It is evident that 0.8 mEq of H,SO, reacts with 


0.8 mEq of NH,OH (= 0.8 mmol of NH,OH since 
‘n’ factor is one) to give 0.8 mEq of (NH 42504- 


08/14] |. 
POH asic buffer - pK, + log E J A = 5.36 


pH = 14 — 5.36 = 8.64 


. When 5 mL of H,SO, is added (salt of WS , is 
formed) 


mule 


According to equation: 
2NH,OH + H,SO, — (NH,),SO, + 2H,O 


Initial | mmol 5x i 0 0 
10 
= 0.5 mmol 
Final (1-2 0.5) 0.5-0.5 0.5 mmol 
-0 =0 


[(NH,),SO,] = 0.5 mmol, 


® 
[NH;]= 2 x 0.5 = | mmol 


® 

aaae e EM 
(10 +5)mL 

Alternatively: 


mEq = mmol of NH,OH = 1 
mEq of H,SO,= 5x 5 x 2 (n factor of H,SO,) 
=] 


8.54 Physical Chemistry 


iv. 


iv. 


[Salt] =[(NH,),SO,] 


o | mEq 
= [NH 2L = 0.06 M 
[NH T S mL 


l p > ^ 
pH = = (pA, - pA, - logC) 


il 


q — 4.76 - log (6x 107^) 


(14 — 4.76 + 1.22) - 5.23 


tə | — 


-(log 6 x 107) --log3-log2*2 
=—0.48-0.3+2 
=1.22 


When 10 mL of H,SO, is added (it is a case of S ,) 
mEq = mmoles of NH,OH = 1 

mEq of H,SO, = 10x T” 2=2 

mEq of H,SO, left=2-1=1 

Total 7» 10+ 10 = 20 mL 


[H*]- 4 = 0.05 =5 x10" 


[pH] = log (5 x 10?) = 1.3 


i. When no titration is carried out (it is a case of S ,) 


e. 1 2 
[H"]- w (n factor of H,SO,) 


=2x 10" 
pH = -og (2 x 1077) = 0.7 


. When 10 mL of NH,OH is added (it is a case of S ,) 


mEq of H,SO, = 10x x2=2 


mmol = mEq of NH,OH = 10x =I 


mEq of SO, left=2-1=1 
Total V = 10+ 10 =20 mL 
.. lmEq E, 
®) = ———--0.05-5x10 
m 20 mL 
pH = -log (5 x 102) = 1.3 


iii. When 20 mL of NH,OH is added (salt of W,/S , 


is formed) 
mEq of H,SO, = 2 


mEg = mmol of NH,OH = 20x—=2 


. 2mEq_ _y06N 
(10+ 20) mL 


Same pH = 5.23 (As in part C, case iii) 

When 40 mL of NH ,OH is added (basic buffer is 
formed) 

mEq of H,SO, = 2 


mEq = mmol of NH,OH = sox =4 


[Salt] = [((NH,),SO,] = 


mEq of NH,OH left=4-2=2 


Calculate the pH of th 
= 4,7447): 
a. 50 mL 0.1 M NaO 
b. 50 mL 0.1 M NaOH + 50 mL 
c. 50 mL 0.05 M NaOH + 50 mL 


d. 50 mL 0.1 M NH,O 


nmol of NH,OH reacts with 2 mEq of 
of (NH4)480,. 

2/50 
= pK, + log E 


pOH = pK, = 4.76 
14 — 4.76 = 9.24 


2 mEq or ! 
H,SO, to give 2 mEq 


POH pasic buffer 
pH = 


e following mixtures given (PK, = pK, 


H + 50 mL 0.1 M CH,COOH 
0.05 M CH,COOH 
0.1 M CH,COOH 
H + 50 mL 0.05 M HCI 


o. 50 mL 0.05 M NH,OH + 50 mL 0.1 M HCI 
f 50 mL 0.05 M NH,OH + 50 mL 0.05 M CH,COOH 


b. 


a. 5 mEq of 


NaOH combines with 5 mEq of CH,COOH 
and forms 5 mEq of salt of W,/Sp- 


5 
- > =0.05M 
[salt] 100 
die 5 (Ky +pK, + logC) 


; (14 + 4.7447 + log 0.05) = 8.721 

NaOH = 50 x 0.1 = 5 mEq 

CH,COOH = 50 x 0.05 = 2.5 mEq 

2.5 mEq of CH,COOH reacts with 2.5 mEq of NaOH 


and 2.5 mEq of NaOH is left. 
25 > 
m H] = [OHO] = ——-22.5x10^ 
[NaOH] = [OH*] = 755 


pOH = -log (2.5 x 10?) = 1.6021 

pH = 14 - 1.6021 = 12.3979 

2.5 mEq of NaOH combines with 5 mEq of CH,COOH 
and forms 2.5 mEq of CH,COONa. 

<. 2.5 mEq of CH,COOH is left. So it forms acidic 
buffer. 


Salt 
H = pK, + lo | | 
p 5 Acid 


2.5 
= 4.7447 + log (5) = 4.7447 


NH,OH = 50 x 0.1 = 5 mEq 

HCI = 50 x 0.05 = 2.5 mEq 

2.5 mEq of HCl combines with 2.5 mEq of NH,OH 
and forms a salt NH,CI (salt of S/W) and 2.5 mEq of 
W (NH,OH) is left. So, it forms basic buffer. 


^. POH = pK, + log EJ 
Base 


= 4.7447 + log e — 4.7447 


d a 


2 14- 4.7447 = 9.2553 
NH,OH = 50 x 0.05 = 2.5 mEq 
e yci= 50 x 0.1 =5 mEq 
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Classify each of the following as a strong acid, strong base, weak 
7.5 mEq of NH,OH reacts with 2.5 mEq of HCI and acid, and weak base: E diis 
forms NH,CI. and 2.5 mEq of HCI is left i. NaOH ii, HE iii, NH,® iv. NH, v. F^ vi. HI 


25 -2 WS i. 5, ii. W, iii. W, iv. Wp v. Sp vi. S4 
= 9 c5 5197 : gop 
. [HCl] = [H, 0°) = 100 x10 
qi -log 2.5 107) = 1.6021 EAN Roe Ls 
NH,OH = 50 x 0,05 = 2.5 mEq Arrange the following 0.1 M solutions in order of increasing pr 
4 
* CH,COOH = 50 x 0.05 = 2.5 mEq H,CO,, KBr, HI, NH,, KCN, NaOH, NH,Br 


2.5 mEq of NH,OH reacts with 2.5 mEq of CH 1COOH 


vad gives 2.5 mEq of salt (CH,COONH,) (salt of Wl 
Wp) which hydrolyses. 


Stronger the acid, less is the pH, stronger the base, high is 
the pH. Increasing order of pH: 


HI < H,CO, « NH,Br < KBr < NH, < KCN < NaOH 
lg " 
pH 2 (p M a 


— 


— (14 + 4.7447 — 4.7447) =7 Why the following compounds will produce acidic solution in 
water? 


ty 


i.H,PO,  iiCO, ii. HNO, iv. AICI, 


sich of the following ions or compounds in a solution tends to ISo) a. All of them give H® ions in aqueous solution. 
«ice an acidic, a basic, or a neutral solution. i H,PO,—> H® + HPO,” 


a LC 3H,0,° ii. Na® ili. SOS iv. FO ii. CO, + H,O —> H,CO, — H +HCOS 


4 = i 
VA —" iii. HNO, —> H® + NO,* 
b. i m * Pa : 2 Y p T iv. AICI, + H,O —> [AI(H,O),] Cl, 
c i Na ï. K CO, iii. H, PO, iv. Na M e 
—— 25 [AKH4O).(OH) H 
d. i. NH,NO, ii. Ba,CO, iii. NaHSO, iv. NaOCl [SEDED | LAHO); l 
v. HOCI vi. Al(NO,), i 3.81 
ru a. (i), (iii), and (iv) are basic (since each is conjugate base Write equations to explain why the following species act as weak 
ofa weak acid) bases in water solution. 
(ii) Neutral (it is the conjugate acid of a strong base) i.CH,NH, ii. NO," iii. HPO > des CHO 
(v) Acidic (it is the conjugate base of a weak base) Sol.) All of them give OH ions in aqueous solutions. 
b. (i) Basic (salt of W /S,) " A 
(ii) and (iv) are Acidic (salt of W,,/S,) i. CH,NH, + H,O —> CH, NH, + OH 


(iii) neutral (salt of S /S,) 
€ (i), (ii), and (iv) are basic (salt of S,/W,) 
(iii) is acidic (it is a weak acid) iii. HPO,” ^ CTPILO--——ILPO.S OH 
(1), (iii), (v) and (vi) are acidic (except (v), all are salt 
of WJS) But (v) is a weak acid. 


ii. NO," + H,O —> HNO, + OH 


H,PO,™ + H,O —> H,PO, + OH 


(ii) and (iv) are basic (salt of SW.) iv. HCOO^ + H,O —> HCOOH + OH 
ange the following bases in order of decreasing basicity: Which equilibrium constant(s) or ratio of equilibrium constants 
g} .CH,COO® oie ei hae should be used to calculate the pH of 1.00 L of each of the 
S » LIN”, 3? . following solutions? 
p the acid, weaker its conjugate base and vice versa. a. KOH b. NH, c. HC,H,O, 
à 3 " p ea 
à enge them in decreasing acidic character: d. HC,H,O, + NaC,H,O, e. KC,H,O 
CH,COOH > NH,® > HCN > HS” », +0. | 


" f. 0.10 mol HC,H,O, + 0.050 mol NaOH 
Tefore, the decreasing order of basic character: da. 


^» CNO E g. HS h. 0.10 NH,Cl + 0.50 mol NaOH 
ASA. NH, > CHCOO? > F* i. 0.10 mol HC,H,O, + 0.10 mol NaOH 
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BID a. K, (Sp) b. K, and K,, (Wp) 
c. K, (W3) d. K, (Acidic buffer) 
e. K, = K,/K, (Salt of W /S,) 
f. K, (The solution is the same as 0.05 mol HC,H,0, +0.05 
mol NaC,H,0,) (It forms acidic buffer) 
g. K, 


h. K, and K, (The reaction NH,® + OH — H,0 + NH, 
produces a basic buffer solution of NH, with the excess 
of NH a 

i. K, = K,/K, (The neutralised acid results in the formation 
of salt of W,/Sp. 


The salt of which one of the following five weak acid will be 
the most hydrolysed ? 

a.HA:K,71x 10% 
c. HC: K,=3 x 10° 
e HE:X—1*x* 10-7 


b. HB: K,=2 x 10° 
d. HD : K,-4 x 107? 


IRA d. K, =K /K so the smallest value of K, will produce the 
largest value of K, and hence the most hydrolysis. 


500 mL of 0.2 M aqueous solution of acetic acid is mixed with 
500 mL of 0.2 M HCI at 25?C. 
a. Calculate the degree of dissociation of acetic acid in 
the resulting solution and pH of the solution. 
b. If6gof NaOH is added to the above solution, determine 
the final pH. [K, of CH,COOH = 2 x 10:9: 
02 
“Sol. a. [CH] COOH] ust after mixing ~ Pu 0.1M 


0.2 


[HCH just after mixing a E -01M- [H? ]rrom HCl 


Note: Equal volumes are added. 


CH,COOH ==> CH,COO? + H® 


t=0 C 0 0 
(conc) 


 [CH,COO^][H?] Ca(Ca + 0.1) 
» [CH4COOH] C=Ca 


Ty? & 

E [H Jrotai = [H ]From cH;coon *[H? hon ner | 
=> Ca + 0.1 x 0.1; C- Ca « C] 

[^ « will be small due to common ion effect] 
—K,zax0. 

K, -4 

>a=7452x10 [Check :1-a=1-2 104 « 1] 
and [HP] ota = Ca+0.1=0.1 x2 x 10^-0.1 40.1 M 
=> pH=1 


6 
b. 6g NaOH = 757, 9? mEq = 150 mmol Nagy 


mmol HCl = 500 x 0.2 = 100 mmol 


NaOH will first react with HCl and if there is a leg, 
then it will react with CH,COOH. 


— mmol NaOH left = 150 — 100 = 50 
These will react CH,COOH as: 
NaOH + CH,COOH ==> CH,COONa + H,O 


Ver 


50 100 — k 
m 50 50 
— Formation of an acidic buffer 
K, 4 lo ise 
= pH = Pha * 108) Acid] 
= 4.7+ log 50/Vrotal — 4.7 
50/Vroui 


0.1 M NaOH is titrated with 0.1 M, 20 mL HA till the end point. 
K (HA) = 6 * 10-5 and degree of dissociation of HA is neglible 
(small) as compared to unity. Calculate the pH of the resulting 
solution at the end point [Use log 6 ~ 0.8] 


ol. . NaOH + HA  —— NaA + HO 
At end point 2 2 — 

(mmol) (= 0.1 x 20) 

= — 2 = 


Note: 20 mL of NaOH is required for the complete 
nuetralisation of HA. 


NaA is a salt of strong base and weak acid. Thus, will 
undergo hydrolysis and solution will become basic. 
2 
20 + 20 


Here C =[NaA]= = 0.05 M 


and pK, = -log(6 x 10%) = 5.2 
pH 


an end point - 


1 
7 * z (pK, + logC) 


=7+ $ (5.2 + log0.05) = 8.95 
ne. ie 
8.14 ILLUSTRATIONS BASED ON 

APPLICATIONS OF BUFFER 
AND SALT SOLUTION TO 
ELECTROCHEMISTRY 


ILLLIE T 


NC CEN : S 
ATION G. 0 
" e 


A hydrogen electrode placed in a solution containing sodium 
acetate and acetic acid in the ratio of x:y and y:x, has electrod? 


potential values of—1.5 and —0.5 V, respectively. What is the P*a 
value of acetic acid? 


Ionic Equilibrium 8.57 


gH) -0.059 pH, = -0.059[pK + logy] G 
(H9 7 -0.059 pH, = -0.059[pK, + log(y/x)] 
Adde quations (i) and (ii), we get 
£,= 0.059 [PK, + log (x/y 

=-2 x 0.059 pK, 


) 
(ii) 
E,* )] - 0.059 [pK, + log (y/x] 


_ (A+ Fa) V -Cl5-05) 01 
pKa” 2x0.059 ^ 2x0.059 0.059 994 


f emf of the following cell is observed to be 0.118 V at 25°C 


H, (atm) | HA (100 mL 0.1 M || H9 (0.1 M) H, (1 atm) | Pt] 
a, If 30 mL of 0.2 M NaOH is added to the negative 
terminal of battery, find the emf of the cell. 


p. I£ 50 mL of 0.2 M NaOH is added to the negative 
terminal of battery, find the emf of the cell. 


(a= anode, c = cathode) 
E, =-0.059 (pH, — PH,) | [H®], = 0.1M 
pH =1 


0.118 = 0.059 (1 — pH.) 


[H9], = 102 M 
Since HA is a JW, 


1 
^ pH,,= 5 PR. —logC) 


3=5 (0K, — log 0.1) 


^ pK =5. 
a. When 30 mL of 0.2 M NaOH 
(=30 x 0.2 = 6 mmol) is added, acidic buffer is formed. 
HA + NaOH —~” NaA + H,O 


Initial 100x0.1 6 mmol 0 " 
= 10 mmol 
Final 10-6=4 0 6 
; 6 mmol 
^. [Salt] = 
[sal] 130 mL 


4 mmol 
[Acid] et = 10-6= 130 mL 


(án 
“. pH, = pK, + log 4/130 
6 3 — log 2 
= Slog ITR 


agpgas 03 51v 


= 0,059 (pH, — pH ) 

= —0.059 (1 — 5.18) 

= 0.246 V 

b. When 50 mL of 0.2 M NaOH (= 50 x 0.2 = 10 mmol) 
is added, salt of W,/S, is formed. 
HA + NaOH — > NaA + H,O 

Initial > 10mmol 10 mmol — ret 
Final — 0 0 10 mmol — 
-. [Salt] = 10/150 = 0.06 M 


ApH e = (PK, + pK, +logC) 


[(14 + 5 + log(6 x 10° )] 


(19 + log 3 + log 2 — 2) 


(19 + 0.48 + 0.3 — 2) = 8.89 

MERE een te 

8.15 ILLUSTRATIONS BASED ON 
APPLICATIONS OF BUFFER AND 
SALT SOLUTIONTO COLLIGATIVE 
PROPERTIES 


The freezing point of 0.20 M solution of weak acid HA is 272.5 

K. The molality of the solution is 0.263 mol Kg *. 

a. Find the pH of the solution on adding 0.25 M solution 
of acetate to the above solution. 


b. Find the pH of the solution on adding 0.20 M solution 
of NaOH. (K, of water = 1.86 K m!) 


ESO a. 4,7 = Q73 - 272.5) = 0.5 K, A,T- iK,m 
i= A,TIK,m = 0.5/1.86 x 0.263 = 1.022 
HA — H® + A9 
Initial l 0 0 
Final l-a a a 
i=1+a ~. 1.022=1+a ..a=0.022 
Ca? = 0.2 x (0.022)? = 9.6 x 10? 
pK, = 4.0177 
On adding 0.25 M NaA, buffer is formed. 
~. [Salt] = 0.25 M, [Acid] = 0.20 M 
pH = pK, + log[Salt/Acid] = 4.0177 + log (0.25/0.20) 
= 4.0177 + 0.0969 = 4.1146 
b. On adding 0.2 M NaOH, salt of W, and S, is formed 
<. [Salt] = 0.2 M 


l 
pH = 2 (pK,, + pK, + logC) 
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1 (4 4.0177 + log 2x107) 
[log 2 x 107! =-1 + 0.3 =-0.7] 


= 5 (18.0177 -0.7)=8.65 
NENNEN a 
8.16 INDICATORS 


Definition: An ‘indicator’ is a dye (or substance) which changes 
colour over a short pH range. 


Example: Methyl orange colour is in the pH range of 3.1 to 4.5. 
10 11 12 13 


Indicator i 2 3456789 


& Pink > 3.14.5 c Yellow —————> 
«< Pink — 4.2-6.2 ee Yellow ——> 


Methyl orange 
Methyl red 
Phenolphthalein 
Thymolphthalein 
Bromothylmol blue 


«— Colourless ———> 8.3-10 <— Pink —> 


«— Colourless ——> 9.3-10.5 «—— Pink —> 
«— — Orange ———29 6.0-7.5 €— — Blue —— 


«— —— Yellow ———> 3.84.6 ———— Blue ——9 


Bromocresol green 
Fig. 8.6 pH Range and colour change of some common Acid-base indicators 


a. End point: It is the point at which the reaction between an 
acid and a base is ‘observed’ to be complete, i.e. the pH at 
which an indicator changes its colour. 

b. Equivalence point: It is the point at which the reaction 
between an acid and a base is ‘theoretically’ complete (as 
per the balanced equation for the reaction). 


Note: * At ‘equivalence point’ mEq of acid = mEq of base but 
the ‘end point’ can only be detected by measuring the 
pH at different points of time during the titration. It 
is usually more convenient to add an indicator to the 
solution and detect the ‘observed end’ of the reaction 
through a colour change in the solution. 

e An indicator is usually a weak acid or a weak 
base for acid-base titration. The colour change occurs 
when protons are transferred to form a conjugate base 
or a conjugate acid of a different colour. 


Let use represent an indicator as HIn (Weak Acid) 
Hi + HO ==> H,O? + Ind? 


Conjugate Base 


Acid 
(colour 1) (colour 2) 
or simply, Hin => H® + Ind? 
(colour J) (colour 2) 


c. Necessary property of indicator: Colour of ionised form 
must be remarkably different from that of unionised form. 
Now, King = Equilibrium constant for the dissociation of the 


= [H?]IIn] 
indicator — - [Hm] 
[Ind ^] 
[HIn] 


=> pH=pkK,, + log 


Note: * An indicator changes colour over a pH range 
(the so called *transition range"). It is the range over 
which the colour change in the solution is detectable 


by the ‘observer’. 


+ The smaller the transition range the better the indicato, 
ivalence point’. 


in detecting the “equi 
(Equivalence point + End point) 


With indicator in which both the forms, ionised and unioniseq 
ally one colour is visible if the ratio of the 


forms is 10:1. 
lour of unionised (Hi) form is seen. 


are coloured, gener 
concentration of the two 
Thus, when only the co 


[HIn] _ 10 


ALÓ— m— TL 


| 
. pH, = pK, + log. = PR, — | 
[Ind] 


and when only the colour of ionised (Ind^) form is seen: 


[Ind] 1! 


——— ae — 


[Hin] 10 
10 
=> pH, apk, *log^ = PK, +1 


Thus, pH change required in going from one colour to other 
is A(pH) = pH, - pH, = 2 

In the midway between the two colours (i.e. in the transition 
range), one can assume that [HIn] = [Ind*] 

= pH=pK,+ log] = pK, 

=> pH=pK, 

— The pK, of the indicator should be close to the pH of 


the equivalence point. 
For weak base indicators, same transition range is observed 
and pOH = pK, at the midway. 
i. Phenolphthalein: It is a week acid represented by PhH. 
PhH =— ph°+H® ..(1) 
Colourless Pink in base 
*  Phenolphthalein is colourless in acid solution and pink 
in basic solution. 
* When a strong base such as NaOH is added, it displaces 
the equilibrium (i) towards right direction and there Is 
a colour change. 
ii. Methyl orange: It is a weak represented as MeOH. 


MeOH == Me®+ OH MT 


Yellow in base Red in acid 


* When a strong acid is added, equilibrium (ii) is shifted 
towards right and colour change to red is detected. 


a. What is the equivalence point of 0.1 M NH,Br solution? 
[(pK,)NH,OH = 4.74] 
b. What will be the colour of the methyl red indicator in the 
solution of NH,Br in part (a)? 
c. An acid indicator has pK, , = 5.3. In a certain solution, this 
indicator is found to be 80% ionised. What is the pH of the 
solution? 


a. When a strong acid reacts with a strong base, equivalence 
point is the neutralisation point (i.e. pH of the solution ^ "i 


both acid and base have same mEq), but when a strong aC! 


A 


T 


Hat th i 
rea ; p e equivalenc 
;int 47 as the salt formed will get hydrolysed and pH = 


i solution " i <7 at the equivalence point. NH Br i 
jt of strong acid and weak base. 4PT IS a 
5 


1 
„ p= TOK, + logC) 
l 
- dari i log0.1) = 5.13 


(pH < 3-1, the indicator methyl red is coloured pink; at 


i» 6.3, it is yellow and at the intermediate values of the 


y it is orange. 
since the pH of NH,Br solution is 5.13 and it lies in the 
intermediate range of methyl orange, its colour will be 
orange. (3.1 < pH < 6.3) 

HIn =~ H9 + Ind? 

l 0 0 

l=% x x 

Indicator is 80% ionised in acid form: => x = 0.8 


ble 8.7 Indicators and Titration 


Bromothymol 


blue 


Methyl red 


d | Re 
Phenolph- Colourless | Colourless | Colourless | Colourless 
talein 


m Ç 
E VUES 
S "ES N 


Yellow Yellow 


Re d Orange 


If [HÊ] << K , Colour of Ind? predominates. 
[H°] >> K , Colour of HIn predominates. 
If[H®] = K , equal amounts of Ind? and HIn predominate. 


ble8.8 Some common indicators with pK values and pH ranges 


tenolphathalein Colourless | Pink 
thy orange Red Yellow 
E red Red Yellow 

h Tol red Yellow Red 

|, Mothymol blue | Yellow | Blue 
Yellow Purple 


T 
PALIT ADOS 
Tt AU. 


| pe ‘4 


Red Blue 


i 
16.1 SELECTION OF INDICATORS (5, AND Ss) 


M 
1g 


TM l 
titration involving a strong acid a 


nd a strong base, the pH of 


Hon changes from about 3.3 to 10.5 near the end point with a 


| nic Equilibrium 8.59 
cts with a weak base or vice-versa, mE 


[Ind^] 


> pH pA, + 108 [HIn] 


0.8 
= 5.3 4- lo — m5 
=> pH 802 
Table 8.6 Colours of some common indicators in different pH 


range 


. | Methyl orange 
. | Bromocresol green 
Methyl red 

. | Bromocresol purple 


Pink 
Yellow 
Orange 


Bromothymol blue 


Phenolphthalein Colourless 


. | Thymolphthalein 


Colourless 


value of 7 at the end point. Thus, any indicator whose pH range lies 
between 3.3 and 10.5 would be suitable, but the most ideal would 
be that which shows colour changes very near to the end point 
(pH = 7). Thus, bromothymol blue having pH range between 6.0 
and 7.6 is the most suitable. Phenolphthalein (pH range 8.0-9.8) 
and methyl orange (pH range 3.1—4.5) are the most commonly 
used indicators. Phenolphthalein is, however, the most suitable 
indicator when alkali is used as titrant, while methyl orange is 
most suitable when acid is used as titrant. 


8.16.2 ACID-BASE TITRATION CURVES 


Titration curve: It is a curve in which the pH of the solution is 
titrated against the volume of the titrate added. 


a. Strong acid and strong base: (HCI vs NaOH) 
In this case, both the titrants are completely ionised. 
HCI + NaOH == NaCl + H,O 


© 
AsOH is-added to an acid solution, [H®] decreases 


and [OH] increases > pH goes on increasing. As the 
equivalence point is reached, [H®] is rapidly reduced. Above 


© 

this point [OH] increases rapidly from 10-7 M and after 
that pH of the solution remains fairly constant. Thus, there 
is an inflexion point at the equivalence point. 


8.60 Physical Chemistry (Here C = concentration of the salt formed at equivalenç 
iM 


The difference in the volume of NaOH solution between ge 
the end point and the equivalence point is not significant p —" 
for most of the commonly used indicators as there isa large Also, note t "m at 50% 
change in the pH value around the equivalence point and will be Moser foni: 
most of them change their colour across this pH change. volume of Na 
c. Strong acid (S) and weak base (Wg) (HCI vs NH (OH) 


For 0.1 M, 20 mL of HCI In the titration of a weak base (say NH,OH) against a stron 
acid (say HCl), the pH range near the point lies in the aciq 
We aaa rcr] point (with phenolphthalein range 3.0-6.0. The pH at the end point lies between 3 an , 


uffer capacity of the buffer solutio 
equivalence point, i.e. when i 
e 


pH low RO cien point (inflexion point) 6. For such titrations, ioi ang s range 3.1-4.5) 
EXIT CURES eee orn d Cn peint (with methyl red indicator) methyl red (pH range 4.2-6. A ONR POMP NEHA! Bus 
Oi a es ee (3.1-4.6) are thus the suitable indicators. Phenolpthalein 
SF Pink i: iarsan can not be used for such titrations because its pH range is 
1 "d 9.0-9.8. 
5 10 15 Initially, when a few drops of H® are added to the Weak 
ME To a Shift in centre acid, it forms a basic buffer NH,OH/NH,CI and thus, pH 
Fig. 8.7 Titration of S, with Sẹ (HCl with NaOH) of the solution changes id ee a pui 
ab solution will be acidic. If H® addition is continued after the 
b. Weak acid (W,) and strong base (S;) (CH,COH vs equivalence point, [H9] will increase rapidly. 
— For 0.1 M, 20 mL NH4OH solution 
When a weak acid (say CH,COOH) is titrated against a 13 (pK, = 4.74) 
strong base (e.g. NaOH), the pH range near the end point is par Ae Ei — Pr — 
8 to 10. Since the pH near the end point lies on the alkaline pec N i ^ | _ phenolphthalein indicator) 
side, phenolphthalein (pH range 8.0-9.8) and thymol 1O F "Range of phenolphimiein. 4 22 
blue (pH range 8.6—9.6) are suitable indicators for such SP yellow A a aie imu L------ 
titrations. Methyl orange (pH range 3.1—4.5) cannot be T 7 I colourless I 
used for such titrations. . Hof. Range fne iy | Pisis 
Initially, when a few drops of OH are added to the weak | i, en ae tir iem 
acid, it forms an acidic buffer CH, COOH/CH,COONa and ; (wit petty req an) 
thus, pH ofthe solution changes NM At the equivalence i — 
point, solution will be alkaline. If OH addition is continued 20 
o Half equivalence or Volume of HCl added in mL 
after the equivalence point [OH] will increase rapidly. ccm E (0.1 M) 
j For 0.1 M, 20 mL CH3COOH solution Fig. 8.9 Titration of Ws with Sa (NH,OH with HCl) 
13 | ! (pa r4) Also note that the buffer capacity ofthe buffer solution will 
iz ! PS be maximum at 50% equivalence point, i.e. when the volume 
ir " i j " ^ phenolphthalein indicator of HCl is 10 mL. 
solution 9 [€ — ——— Equivalence point Note: The selection of an indicator therefore is determined by 


the pH of the solution at the equivalence point. 


7 colourless ! 
mna: aud" A E Range of methyl d. Weak acid (QW) and weak base (Wp) (CH,COOH vs 
Corresponds to $ Xe Red indicator NH,OH) P 
We-wc pA i NEP " | 
— $ 1 (with methyl red indicator) Yen a weak acid (say CH,COOH) is titrated against a weak 
2 Titre volume base (say NH4OH), there is no sharp change in the pH value 


p near the end point. The pH changes during such titrations 

Half equivalence or Volume of NaOH added (in mL) > are very small and the pH varies very slowly between p 

_ Haltequivalence or and 8.0 and so no indicator can function satisfactorily in 

Fig. 8.8 Titration of W, vs Sẹ (CH,COOH with NaOH) such titrations. Approximate end point is possible during 
phenol red (pH range 6.8-8. 4). 


, ] 
(pH) at equivalence point = 7+—(4.76 + logC) . 
2 In general, the selection of indicators for acid-base titration 


- 744(4,76 + log0.05) =8.72 = ends on the change in the pH at the equivalence point. The 
2 ange in the pH at the equivalence point for different titrations 
can be calculated in the following manner. 


DA 


L Phenolphthalein 


-=-= 
g — æ æ æ æ a 
pm — — — 


em sm mé amm m -——— 
-— 
- 


e sm s a —— —— — — wee — — — € 


0 10 20 30 40 50 60 70 80 90 100 
Volume of 0.1 N NH4OH in mL ————> 


Fig. 8.10 Titration of W, and W, (CH,COOH with NH,OH) 


DETERMINATION OF APPROXIMATE PH OF 


416.3 
AN INDICATOR 


te approximate pH ofa solution can be determined by comparing 
is effects on different indicators or on papers impregnated with 
peir solutions. 

Suppose that the following colours were obtained when 
drops of an unknown solution were mixed with drops of indicator 


ghution on a spot plate: 


Indicator Colour 

Thymol blue Yellow 

Methyl orange Orange or yellow 
Methyl red Yellow 

Phenol red Yellow 
Phenolphthalein Colourless 


The yellow colour with thymol blue indicates that the pH 
ifthe solution lies in the range pH = 2.8 — 8.0. Because no red 
tour is produced with phenolphthalein, the pH does not exceed 
VJ. The orange colour of methyl orange indicates that pH > 4.4 
aid the yellow colour of methyl red indicates that pH > 6.2. Since 
phenol red was turned yellow, the pH must be yellow. Therefore, 
H must be in the range 6.2—6.8 or roughly 6.5. | 

It is, however, not necessary to use all the indicators. It 1s 
venient to use the so-called universal indicators, which are 
Micator mixtures changing colour over a wide range of pH. 

- M phenolphthalein is not suitable for the tiration of AE 
id with a weak base (HCI vs NH. ,0P)? This is due to fue ac 
ount of OH ions 


tar the weak base NH,OH furnishes a small am 
i indicator. These 


"lich combine with H9 ions furnished by the 


OR ; ny 
i ions are not sufficient to shift the equilibrium towards the 


Ha and so pink colour does not appear just at the end point. o 
7 to get pink colour, an excess of NH,OH has to be added. 


Cover, NH,Ph may also be hydrolysed by water. 
PhU = H® + Ph? 


o 
NH,OH <= NH? + OP 


o 
Ho. Of = H,O 
NILP 4 Ph c NH,Ph 


—— ph + NH,OH (Hydrolysis) 


NH Dh | WO eA 
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Why methyl orange is not suitable for titration of strong base 
against a weak acid (CH,COOH) vs NaOH)? Here, CH,COOH 


o 
being a weak acid does not furnish sufficient number of H 


ions. These H ions are not sufficient to combine with sufficient 
rm water and to shift 


number of OH? ions of methyl orange to fo 
the equilibrium in favour of red-coloured Me? ions. 


© 
MeOH === Me? + OH 
CH,COOH —— CH,COO? + H® 
CH,COO? + Me? == CH,COOMe 


He's OH == H,0 
Moreover, the salt CH,COOMe does not furnish sufficient 
red ions because of hydrolysis. 
CH,COOMe® +H,O ——2 CHCOOH + MeOH 


8.16.4 END POINT AND EQUIVALENCE POINT OFA 
TITRATION 


It should be noted that the endpoint is a point at which the 
titration is stopped, while equivalence point is the point at which 
the acid and base for oxidising and reducing agent) have been 
added in equivalent quantities. 

* pKing of phenolphthalein is 9.3. Hence, it is an effective 
indicator or in the pH range 8.3-10.3. — 

Phenolphthalein is not suitable for the titration of strong 
acid with a weak base (HCl vs NH 40H) and methyl orange 
is not suitable for titration of a strong base against a weak 
acid (e.g. CH,COOH vs NaOH). 

If pH € pK, - 1. we see the colour of the acid form. If 
pH = pKa we see the colour of the mixture of equal amounts 
of acidic and basic forms. If pH 2 pK,,, * 1, we see the colour 
of the basic form. Any aqueous solution to which indicator 
is added will necessary contain both Hi and Ind? 

If [HIn]/[Ind?] > 10, we see the colour of acid form. If 
[HIn]/[Ind?] < 1/10, we see the colour of the basic form. If 
[HIn]/[Ind9] is less than 10 but greater than 1/10, we see 
the colour of both the forms in equal amounts. 


Table 8.9 Indicators used in different titrations 


Type of titration 


a. S4 VS Sg 


Indicators used 


Any of the following: phenolphtha- 
lein or methyl red or methyl orange 
or bromothymol or thymolphtha- 
lein. 

(Note: Phenolphthalein is suitable 
when S, is titrant. 

Methyl orange is suitable when S, 
is titrant. 


Phenolphthalein or 

thymolphthalein 
Methyl red or methyl orange or 
bromocresol green 

d. W, vs Wz No suitable indicator. However, 

phenol red is suitable 


b. W, vs Sp 
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It is a mixture of number of 
indicators which shows colour 
changes over different pH ranges. 
Colour: Red Orange Yellow Green Blue Purple 
pH: 2 4 6 8 10 12 


e. Universal indicator: 


8.16.5 PROOF FOR THE COLOUR CHANGE, WHEN 


PK ina = pH AT THE EQUIVALENT POINT 


Acid-base indicators are weak organic acids or weak organic 
bases. Let the weak organic acid indicator is represented by HIn. 
It dissociates in aqueous solution as: 
Hln(aq) ==> H?(aq) + In°(aq) 
Hin and Ind“ have different colours. The equilibrium constant 
Kina l8: 
Kina = [HS] [Ind* [HIn] ...(1) 
The exact point of the colour change will be at pH when 
[HIn] = [Ind*]. thus, from equation (i), 
King = [RP] or -log Kpa -log[H?] 
i.e. Ping = PH 
Hence, the indicator selected should be such for which pK, 
= pH of the solution at equivalence point. 


For example, in the titration of HF with NaOH, pH at the 
equivalence point is 8.1. pK,,,, for cresol red is 8.1. 


Hence, cresol red indicator is used in this titration. 


8.16.6 EXPLANATION OF THE pH RANGE OF 
2 UNITS OF INDICATORS 


It is evident from Table 8.7 that most of the indicators have a useful 
colour change over a pH range of 2 units. 


For example, phenolphthalein changes from colourless to pink 
in the pH range (8.0 — 9.8). Therefore, sometimes it is not possible 
to have an indicator for which pK, is exactly equal to the pH at 
equivalence point. Consider indicator HIn. 

HIn(aq) —— H*(aq) + Ind” (aq) 

Kind = [H*] [Ind* [HIn] (1) 

The human eye is sensitive to colour differences only when 
the ratio [Ind ]/[HIn] is greater than 10 or smaller than 0.1. 


Thus to see the acidic colour 
[nd^] _ 1 

[HIn] 10 
and to see the basic colour 
[Ind°] _ 10 

[HIn] ] 


Note: 

In? iat ka 
H In HË] 
(i) IFH® k of In" 


(ii) If H9? >> kp of (HIn] predominates 
(iii) If H9 = k, colour of both predominates 


Rearranging equation (1), 
[HIn] 
[In '] 
For acidic colour to be visible, 
[H9] = 10 Kin 
or -log [H®] = -log 10 — 
ie, pH = pK,, — | 
For basic colour to be visible, 


(H®]= Kj, ——- 


log Kj, 


1 
HÊ]=— Km 
[H™] T 
or -log [H9] = log 10 — 
ie, pH = pK, + | 


i.e., pH range for colour change is from pK, - | to 
pK,, + |, i.e. pH range of 2 units. 


log Kin 


8.16.7 CALCULATION OF pK, OR pK, VALUES 
FROM pH OF EQUIVALENCE POINT 


The pK, of weak acid or pK, of weak base can be determined from 
the measurement of pH at the equivalence point from the titration 
curve. For example, for a weak acid, HA. 
HA(aq) *—— H*(aq) + A*(aq) 
K= [H9] [AP [HA] 


[HA] 
HE 
ET [a°] ^ 
or -log [H®] = -log K, — log [HA] 
[Av] 


[HA] 
[A] 

The half equivalence point is the point in the neutralisation 3: 
which one half of HA is neutralised in the reaction. 


i.e., pH = pK,- log 


HA + OH == H,O * A? 
At this point, [HA] = [A?] ] 
^ pH = pK,- log 1 = pK, 
Thus at the half equivalence point pH = pK, 


Similarly, for the neutralisation of weak base, at the half 
equivalence point pOH = pK,. 


Methyl red has a A, = 10, The acid form HIn is red and its 
conjugate base, Ind" i is yellow. Complete the following table: 


102, 1, 102, Red, Orange, Yellow. 
i; pH-3,[H9] - 102 M 


© K ib 

wd] Bea an 

Hin 

ur of acid form predominates, i.e. red) 


colo 
H®] = 10^ M 


i pH = 5, | 
wt io? =] 


, pH = 7, [H9] = 107 M 


(Colour of basic form predominates, i.e., yellow colour) 


three acid-base indicators: methyl orange (end 


mere ate 
st pH = 4), bromothymol blue (end point pH = 7), and 
„olphthalein (end point at pH = 9). Which of the following 


^ id you select for the titrations? 
a. H,SO, with KOH b. KCN with HCI 
c. NH, with HNO, d. HF with NaOH 
a. Any (S4 VS Sp) 


b. Methyl orange (S, vs salt of W,/W,) 
c. Methyl orange (S, vs Wp) 
d. Phenolphthalein (W, vs S5) 


{solution gives the following colours with different indicators: 


a. Methyl orange — Yellow 

b. Methyl red > Yellow 

c. Bromothymol blue => Orange 
What is the pH of the solution? 


Sa. 

a. The colour in methyl orange indicates that pH > 4.5. 
[Methyl orange is Red in acidic (pH < 3.1) and yellow 
in basic (pH > 4.5)] 

b. Thecolour in methyl red indicates that pH > 6.0. [Methyl 
red is Pink in acidic (pH « 4.2) and yellow in basic (pH 
> 6.0)] 

The colour in bromthymol blue indicates that 
pH < 6.3 [bromthymol blue is orange in acidic 
(pH < 6.3) and blue in basic (pH > 7.5)) 


Therefore, the pH of the solution is between 6.0 to 6.3. 


base 


What § . ee 
oe will be suitable for the following acid- 
s? 


4, 

b HCOOH against NaOH 
M HBr against KOH 

* NH,OH with HNO, 


Calculate the pH at which an acid indicator wi 
changes colour when the ind 


Sol.) The midpoint of the colour chang 
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a. Phenolphthalein and thymolphthalein are suitable for 


the titration of W, and Sp- 
b. Bromothymol blue, phenol 
and thymolphthalein are sul 
and Sp- 
c. Methylorange, bromocresol green, and meth 
suitable for the titration of Wp and 5. 


(Refer Table 8.6 and Fig. 8.7 to 8.9) 


phthalein, methyl orange, 
table for the titration of S4 


yl red are 


th K,7 10 x 10° 
icator is 1.00 * 10? M. 


e range of an indicator 


is the point at which its acid and conjugate base forms are 


present in equal concentration, hence 


e Oo » 
-0 motio 
n 
and pH - 5.00 


Kina 2 


At what pH will a 1.0 x 103 M solution of an indicator with 


K,=1.0 x 10-1? change colour? 


"EG? The indicator changes colour when the conjugates are 


j equal to concentration. 
©) 
HIn][O 
» - [Hin] (OF) 05-10» io © 
[Ind] 
thus pOH = 10.00 and pH = 4.00 


What indicator should be used for the titration of 0.10 M KH,BO, 


with 1.10 M HCl? 
B H,BO,° + H,0® —> H,BO, + H,O 
At equivalence point, 0.050 M H,BO, would be produced. 


Only the first ionisation step of H,BO, is important to the 
pH. 


H,BO,? + H,O —> H,BO,° + H,0® 
[H,0°][H,BO,°]_ x 
A ,IHSO IIESBOS d 3 ans 
[H4BO,] 0.050 
Thus x = 6.0 x 107 and pH = 5.22 


pH 5.22 is in the middle of the range of methyl red which 
would therefore be suitable. 


K 


Calculate the pH at which an indicator with pK — 4 changes 
colour. ‘ 3 


BB) na? + H,0 — Hin + OF 
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At the colour change, [Ind*'] = [HIn] 


o = 
x, LOBIIBIn] _ 1 0x 10-4 [Og] 


[Ind] 
and pOH = 4.0 
^ pH = 10.00 


Bromophenol blue is an indicator with a K, value of 
5.84 x 102. What is the percentage of this indicator in its basic 
form at a pH of 4.84? 
USGI K, = 5.84 x 1075; pK, = 4.2336 

pH = pK, + log [Ind^/HIn] 

4.84 = 4.2336 + log [Ind?/HIn] 

-. log [Ind°/HIn] = 0.6064, 

[Ind- /HIn] = 4.04 

e 
% of basic form = 


[Ind®] + [HIn] 
[HIn/Ind®] = 1/4.04 


x 100 


A) 
Add 1 to both sides of equation (1) 
[HIn] T 1 PE .  [HIn]- [Ind^] _ 5.04 
[Ind°] 4.04 i [Ind?] 4.04 
d" 
[HIn] + [Ind* ] 5.04 


An acid-base indicator has a K of 3.0 x 107. The acid form of 
the indicator is red and the basic form is blue. (2) By how much 


must the pH change in order to change the indicator from 7594 
red to 75% blue? 


Sol Hn = H + Ind? 
Acid form Conjugate base or salt 
i 75% red 25% blue 
ii. 25% red 75% blue 
When indicator is 75% red => 25% blue (basic form) 
a. .. pH, = pK, + log(25/75) = pK, + log 1/3 (i) 
When acid form of indicator is 75% blue => 25% red, 
pH, = pK, + log (75/25) = pK, + log 3 "E 


From equations (i) and (ii) 
pH, — pH, = log 3 — log 1/3 = log 9 = log (3)? 
= 0.4771 x 2 = 0.9542 
. Change in pH = 0.9452 


a " E pH does indicator change colour if the indicator 
. e 
is a weak acid with King = 4.0 * 1077? E3 à 
b. For which of the following neutralisation would the 
indicator be useful? 


i. HCl + NaOH 
ii. CH,COOH + NaOH 
iii. HCl + NH, 
c. Name the indicators which can be used for such titration 


a. The mid-point of the colour change ran 
indicator is the point at which its acid and 
base forms are present in equal concentrati 
PH= PKina = -(log Kina) 

= —log (4 x 1074) 
= -log 2? + 4 
=—0.6+4=3.4 

b. pH range of the indicator is 3.4 and is suitable for the 
titration of S ,/W. (HCl + NH,). 

c. The pH at the end point lies between 3.0 and 6.0. For 
such titrations, methyl orange (pH range 3.1-4. 
methyl red (pH range 4.2-6.3), and bromophenol b 
(3.1—4.6) are thus the suitable indicators. 


Be of a 


Conjugate 
On. 


), 
lue 


The acid form of an acid base indicator is yellow in acid and red 
in basic form. What is the change in pH in order to change the 
indicator from 80% yellow to 80% red. 


HIn —— H® — Ind= 
Acid form 


Base form 
First case: 80% yellow 20% red 
Second case: 20% yellow 80% red 
First case: 
[In^] 
pH, p a g [HIn] 
20 
PK, og = 
= pK, + log 1/4 0 
Second case: 
80 
pH, = pK, + log EJ 


From equations (i) and (ii), we get 
pH, - pH, 221og4-41og2-4*0.3- 12 


CONCEPT APPLICATION EXERCISE 8-3 


Objective questions 
Buffer solution 


1. Which of the following is a buffer solution? 
(1) A solution of KCl and KOH 
(2) A solution of CH,COONH, 
(3) A solution of K,SO, and NH,OH 
(4) A solution of PhCOOK and PhCOOH 


of the following is not a buffer? 

i) OH C,H,COOH 

0) yCOOH + HCOONa 

T C03 + HCOOK 

p NH,OH + NUS, 

in an acidic buffer solution, if some H,SO, is added, it 
, its 


H will 
j Remain constant 


Change but cannot be predicted 


; which 


1, 


2) 
(3) pecrease 


4) Increase 
Which ofthe following solutions containing weak acid and 
salt of its conjugate base has maximum buffer "we 
q) [Salt] < [Acid] | 
(2) [Salt] - [Acid] 
(3) [Salt] > [Acid] 
(4) [Salt] + [Acid] is minimum 
4 weak acid HA has K, = 10%. What would be the molar 
atio of this acid and its salt with strong base so that pH of 
the buffer solution is 5? 


& 


(1) 1/10 (2) 10 (3) 1 (4) 2 
« The addition of NaHPO, to 0.1 M H4PO, will cause 
(1) No change in pH value 


(2) Increase in its pH value 

(3) Decrease in its pH value 

(4) Change in pH but cannot be predicted 
7, On diluting a buffer solution, its pH 


(1) Increases (2) Decreases 
(3) Remains same (4) Cannot be predicted 
ê. The pH of a solution containing 0.1 mol of CH,COOH, 0.2 


mol of CH,COONa, and 0.05 mol of NaOH in 1 L. (pK, 

of CH,COOH = 4.74) is: 

(1) 5.44 (2)5.20 | (0504 (4) 4.74 

9. A weak base BOH is titrated with strong acid HA. When 
10 mL of HA is added, the pH is 9.0 and when 25 mL is 
added, pH is 8.0. The volume of acid required to reach the 
equivalence point is 
Doml (2) 40mL QG)5mL (C 30 mL 

ll. To 1.0 L solution containing 0.1 mol each of NH, and 
NH.CI, 0.05 mol NaOH is added. The change in pH will 
be (pK, for CH,COOH = 4-74) 
(1) 0.30 Qy-030 (3) 0.48 (4) -0.48 


l D H , 
"The PH of blood is 7.4. If the buffer 1n blood constitute 
joof conjugate base 
| D 

| aad (H,CO,) to maintain the pH of blood. Given K, of 


tO, =45 x 107. 


| 
p x 125  @100 O28? (4) None 
€ pH of blood is 
m (2) Between 8 and 0 
(3) Between 7 and g (4) <6 


CO, and HCO,” ions, calculate the rat p 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 
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Buffer in blood consists of 

(1) H,CO, and Cl” (2) HCI and HCO, ^ 

(3) HCI and Cl” (4) H,CO, and HCO, ` 

K for HCN is 5 x 10-19 at 25°C. For maintaining a constant 
pH of 9.0, the volume of 5 M KCN solution required to be 
added to 10 mL of 2 M HCN solution is 
(1) 9.3 mL (2) 7.95 mL (3)4 mL 
18 mL of mixture of CH, COOH and CH,COONa required 
6 mL of 0.1 M NaOH for neutralisation of the acid 12 mL 
of 0.1 M HCI for reaction with salt, separately. If pK, of 
the acid is 4.75, what is the pH of the mixture 

(1) 4.5 (2) 4.6 (3) 4.75 (4) 5.05 

The pH of blood is maintained by the balance between | 
H,CO, and NaHCO.. If the amount of CO, in the blood | 
is increased, how will it effect the pH of blood? | 
(1) pH will remain same. (2) pH will be 7. 

(3) pH will increase. (4) pH will decrease. 


Fixed volume of 0.1 M benzoic acid (pK, = 4-2) solution | 
is added into 0.2 M sodium benzoate solution and formed | 
a 300 mL, resulting acidic buffer solution. If pH of the | 
resulting solution is 3.9, then added volume of benzoic | 


(4)2 mL 


acid is 
(D240mL  Q)lS0mL (3) 100mL (4) None 
0.1 mol of RNH, (K,7 5 X 10-5) is mixed with 0.08 mol of | 


HCI and diluted to 1 L. Calculate the [HF] in the solution. 
(1)8 x 10! M (2) 16 x 10711 M 


(3) 8 x 105 M (4)8 x 107 M 

Hydrolysis of salt 

A weak acid HX(K, ^ 1077) on reaction with NaOH gives 
NaX. For 0.1 M aqueous solution of NaX, the % hydrolysis 
is 

(1) 1% (2)0.01% (3) 0.001% (4) 0.15% 
The pH of 0.1 M solution of the following salts decreases 


in the order 

(1) HCI > NaCl > NH, Cl > NaCN 

(2) HCI > NaCN > NH,CI > NaCl 

(3) NaCN > NaCl > NH,C1 > HC! 

(4) NH,Cl > NaCN > NaCl > HCl 

The degree of hydrolysis of a salt of W, and HF, in its O.1 | 
M solution is 50%. If the molarity of the solution is 0.2 | 
M, the percentage hydrolysis of the salt would be | 
(1) 25% (2) 50% (3) 75% (4) 100% 

pH of separate solution of four potassium salts, KW, KX, 
KY, and KZ are 7.0, 9.0, 10.0, and 10.5, respectively. If 


each solution is 0.2 M, the strongest acid would be 


(1) HW (2) HX (3) HY (4) HZ 
Which of the following solutions have pH < 7. 

(1) Bal, (2) ANO), 

(3) CH,COONH 4 (4) CsI 


Which of the following solution have pH > 7. 
J. BaF, II. RbI 
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III. C;H;COONa IV. (CH,COO),Ba 
(DI (2) I, I], III 
(3) 1, III (4) 1, Ill, IV 
25. The expression to calculate pH of sodium acetate solution 
at 25?C is 


(1) pPH=7+ 5 pK, (CHCOOH) - : log [salt] 
l 
(2) pH =7 += pK, (CH,COOH) - L log [salt] 


(3) pH=7+ E pK, (CH,;,COOH) + = log [salt] 


- 


(4) pH=7+ E pK, (CH;COOH) + 3 log [salt] 


| 26. The correct order of increasing [H,0°] in the following 
aqueous solution is 
(1) 0.01 M H,S < 0.01 M H,SO, < 0.01 M NaCl < 
0.01 M NaNO, 
(2) 0.01 M NaCl = 0.01 M NaNO, < 0.01 M H,S < 
0.01 MH,SO, 
(3) 0.01 M H,S < 0.01 M NaNO, = 0.01 M NaCl « 
0.01 M H5SO, 
(4) 0.01 M HS < 0.01 M NaNO, < 0.01 M NaCl < 
0.01 M H5SO, 
27. pH of water is 7. When a substance Y is dissolved in water, 
the pH becomes 11. The substances Y is a salt of 
(1) Weak acid and weak base 
(2) Strong acid and strong base 
(3) Strong acid and weak base 
(4) Weak acid and strong base 
28. The hydrolysis constant of 0.1 M aqueous solution of 
sodium acetate if K, of CH,COOH = 1.8 = 10 91s 


(1) 5,5 x 10-10 (2) 4.5 x 103 

(3) 5.5 x 107" (4) None of these 
29. The compound whose 0.1 M solution is basic 1s 

(1) CH,COONH, (2) NH,CI 

(3) (NH,),SO, (4) CH,COONa 


30. K, for ascorbic acid (HASc) is 5 x 10-5, Calculate the [H?] 
in an aqueous solution in which the concentration of ASc 
ions is 0.02 M. 
(1)27» 10 
(3)5 » 10? 


(2)2 * 107 
(4) 5 x 10710 


ANSWERS 


1. (4) 2; 3. (3) 4. (2) 5. (2) 
6. (2) 7. (3) 8. (1) 9, (4) 10. (3) 
11. (1) 12. (3) 13. (4) 14. (4) 15. (4) 
16. (1) 17. (1) 18. (1) 19. (2) 20. (3) 
21. (2) 22. (1) 23. (2) 24. (4) 25. (4) 
26. (2) 27. (4) 28. (1) 29. (4) 30.0) - 


8.17 SOLUBILITY EQUILIBRIA Or 


SPARINGLY SOLUBLE SALTS 


Solubility of ionic solids in water is very high. Some of these ares 
soluble that they are hygroscopic in nature and even absorb Wat ‘ 
m the atmosphere. Others have so little solubility re 
these are called insoluble. The solubility depends on the lac. 
energy ofthe salt and the hydration of ions in the aqueous solution 
(i.e. hydration energy). Each salt has its characteristic solubility 
and depends on temperature. Such salts are classified on the basis 
of their solubility in the following three categories. 


vapours fro 


Soluble Solubility > 0.1 M 


Slightly soluble 


Category I 
Solubility < 0.1 M 


Sparingly soluble 


Category III Solubility < 0.01 M. 


8.17.1 SOLUBILITY PRODUCT CONSTANT 


Certain salts, such as AgCl, BaSO,, Ag,S and PbS, are considered 
as insoluble in water. Actually no insoluble salt is actually 
completely insoluble, they have a very small solubility. Such salts 
are called sparingly soluble salts. 

Some of them are: Ag,SO,, Ag, CO,, PbCL, PbCrO,, PbS, 
ZnS, Al(OH),, Ca,(PO,),, CaSO,, MnS, Zr,(PO,), 

Consider a solid such as BaSO, in contact with its saturated 
aqueous solution. If the dissociation process is represented by 
the equation: 


BaSO,(s) + aq —— Ba-“(aq) + SO 4^ (aq) 
Then, the equilibrium constant is given by the equation 
 [Ba*][SO4] @ 
[BaSO, ] 


For a pure solid substance, the concentration remains constant 
and equation (i) becomes 


K[BaSO,] = [Ba?*] [SO,-] 


— [Ra?* 2- s 
E [Ba^'] [SO,~] „(0 

Es is called the solubility product constant or simply soludilin 
product. 


Thus, solubility product of an electrolyte at a specified 
, . : « jon 
temperature is defined as the product of the mo lar concentrato! 


of its ions in a saturated solution, each concentration raised 
dissociation 


1 (0 


the power equal to the number of ions produced on 
of one molecule of the electrolyte. 

The experimental value of K,, in equation (il) at 298 ph 
1.1 x 10 !9, This means that for solid BaSO, in equilibrium with 
its saturated solution, the product of the concentration of Ba 
and SO,? ions is equal to its solubility product c 
concentration of the two ions will be equal to the mo 
of BaSO,. If molar solubility is S, then 


K = (97S = 1.1 x 10-19 


S- J. 1077 —1.05x10? mol L" 


onstant. * 
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is expressed in concentration units. The 


jc fore Kp ^ uch system is ki ioni 
T ficients Qins ystem 1s known as ionic product. 


jt . 
Ale ;olubility of a salt in water depends upon other 


jn dent 
eno" : x L d 4 > boas* 
(i librium constants, such as &,, Ko K, and K, it is 


tet ® nstant at à certain temperature and changes only when 


0 

jor perature changes. 
te 

hè l 


e solubilities of the following. 


> th 
j ulate t 
(at 1 Ag, SO. b. Ca,(PO,), 
C [zr,(PO.)a] d. K,, for M,X (s) 


A Ag,SO,(s) + aq == 2Ag*(aq) + SO,™ (aq) 

if the molar solubility of the solid substance is $ mol 
L5 then 
K= [Ag?P [S047] = 2S)? (S) = 2 11'S? = 45° MP 


1 
[Kop E y 
— 3 orj — M 
or $ 1 4 


b. Ca,(PO,4),(s) + aq =}  3Ca?*(aq) + 2P0,3-(aq) 
35 28 
K = [CaP [POT - GS? 25) = 33:25? 
= 10855 M? 


K, L 
or S=} ogM or (K,,/108)° M 


t. Zr(PO,),(s) + aq —— 3Zr**(aq) + 4PO,° (aq) 
3S AS 
K, 7 [Z** P PO T = (3S) (4S) 
= 33-44.§7 = 691287 M7 
n 
OT AY = mJ. 
6912 


d MX s) + aq == xM(aq) + yX *(a9) 
xS ys 
K p = [MIF [XIP = (xS)* (iS 
= ey +y MEID) a) 


or S& +y) = Ke 
xd 


l 
S= B x+y 
x u^ 


& A : 
Relation between K_ and molar solubility of a sparingly 
Soluble salt: id 


Type | Relation between . 
of salt, S and Kop 


asa t alat 


M? or (M/L or (mol dm ^) 
MP? or (M/L)? or (mol dm?» 


sp 
K = 11.92.53 = AS? 
sp 


| [Ru nare 
MX, | Ke = 14^ = 2565 
MER, | Ky, = 23S = 1085" 
K, = yy? 


-344 
M4 or (M/L)^ or (mol dm ?) 
M5 or (M/L)5 or (mol dm? 
M or (M/L) or (mol dm ^" 
OPUS Fa EH 
M or (M Ly"? 
or (mol dm Sil 
“he ed (if is given the s hen the 
The term Kp in eq (ii) is given the symbol Q,,, Ka ion 
concentrations of one or more species are not the onom r e 
under equilibrium. Under equilibrium conditions, K., = Qop on 
otherwise it gives the direction of the processes of precipitati 


or dissolution. 


Table 8.10 The solubility product constants K,,, of some 


common ionic salts at 298K 


Name of the Salt 


Silver bromide AgBr 5.0 x 10% | 
Silver carbonate Ag,CO, 8.1 x 10117 
Silver chromate Ag,CrO, 1.1 x 1077 
Silver chloride AgCl 1.8 x fo^" 
Silver iodide Agl 83 x 10 
Silver sulphate Ag,SO, L4x 107 
Aluminium hydroxide Al(OH); 1.3 x 102? 
Barium chromate BaCrO, | 12x19? 
Barium fluoride BaF, 1.0 x 107 
Barium sulphate BaSO, b^ Rer 
Calcium carbonate CaCO, | 28x 10°? 
Calcium fluoride CaF, | 53x 16? 
Calcium hydroxide Ca(OH), | "55áx19* 
Calcium oxalate CaC,O, 4.0 x 10° 
Calcium sulphate CaSO, 9.1 x 10$ 
Cadmium hydroxide Cd(OH), XS x 104 
Cadmium sulphide Cas . |  80x1077 
Chromic hydroxide Cr(OH), |  63x103! 
Cuprous bromide CuBr 53x 10° 
Cupric carbonate CuCO, 1.4 x 10719 | 
Cuprous chloride CuCl 1.7 x 10 | 
Cupric hydroxide Cu(OH), 2.2 x 19% 
Cuprous iodide Cul 1.1 x 10-22 
Cupric sulphide CuS 6.3 x 1036 
Ferrous carbonate FeCO, 32 * TQ9-H 
Ferrous hydroxide Fe(OH), 8.0 x 10-16 
Ferric hydroxide Fe(OH), 1.0 x 10-38 
Ferrous sulphide FeS 6.3 x 10-18 
Mercurous bromide Hg,Br, 5.6 x 10-23 
Mercurous chloride Hg,Cl, 1.3 x 10718 
Mercurous iodide Hg,L 4.5 x 1029 
Mercurous sulphate Hg,SO, 14 x 107 
Mercuric sulphide HgS 4.0 x 10-53 


a. 
3.5 x 10° 
Magnesium carbonate MgCO, 65x 10? 
Magnesium fluoride MgF, ee T 
: i OH) I8 19 
Magnesium hydroxide Mg(OH), a 
. C.O 7.0 x 10 
Magnesium oxalate MgC,0, x 184] 
Manganese carbonate MnCO, Y "t 
Manganese sulphide MnS d idt 
* - 
Nickel hydroxide Ni(OH), 2.0 và 
Nickel sulphide NiS 4.7 * a 
Lead bromide PbBr, 4.0 * pii 
Lead carbonate PbCO, 7.4% 1 
i 1.6 x 10° 
Lead chloride PbCL, . i 
Lead fluoride PbF, 7.7 x N 
Lead hydroxide Pb(OH), 1.2 x 10 3 
Lead iodide Pol, 7.1 x 10 
Lead sulphate PbSO, 1.6 x 10 
Lead sulphide PbS 8.0 x | - 
Stannous hydroxide Sn(OH), 1.4x 107 
Stannous sulphide SnS 1.0 x 107? 
| Strontium carbonate SrCO, 1,1 x 10:7? 
| Strontium fluoride SIF, 2.5107? 
Strontium sulphate SrSO, 32x 10-7 
| Thallous bromide TIBr 3.4x 10-6 
| Thallous chloride TICI 17 x 104 
| Thallous iodide TII 6.5 x 10% 
Zinc carbonate ZnCO, 1.4 x 107! 
Zinc hydroxide Zn(OH), 1.0 x 1075 
Zinc sulphide ZnS 1.6 x 1024 


8.17.2 DIFFERENCE BETWEEN SOLUBILITY 
PRODUCT AND IONIC PRODUCT 


Both the terms represent the product of the concentrations of the 
ions in the solution, each raised to the power equal to the number 
of ions as represented by the dissociation of one molecule of the 
substance. But they differ in the following two aspects: 
a. Ionic product is applicable to all types of solution, saturated 
or unsaturated. 
Whereas solubility product is applicable only to saturated 
solutions in which there exists a dynamic equilibrium 
between the undissolved salt and the ions present in solution. 
Therefore, the solubility product is, in fact, the ionic product 
for a saturated solution. 
b. The solubility product of a salt is constant at constant 
temperature whereas ionic product depends upon the 
concentrations of ions in the solution. 


Determine the solubility of (a) AgCI, (b) Fe(OH), (c) Hg,Br,, 
and (d) Ag,SO, from their solubility product constants given in 
table 8.9. Calculate the molarities of the individual ions and also 
the solubilities of salts in g L”. 


MEME ÉL  ' 
- a. For AgCl Ksp 


— 
AgCKs)*ad = S 


K, = (fT ICE] 

Ko” SM 

i S/M= (1.8 * 
[Am T7 


= 1.8 x 10719, hence 


"(aq) + Cl(aq) 
S 


10-1012 = 1.34 x 10-5. 
Cie]; S= 1.34 x 10? mol L- 
i, SofAgClingL ! = 1.34 * 10° x 1435; 


= 1.92 x 10% g L-! 


= -3 
-For Fe(OH),, K,, = 1-0 * 10 8, hence 


Fe(OH),(s) + aq —— Fe” +3 0H 


S 3S 


8 Mol 


© 
1 Ko = [Fe] [OH] = SGSP = Istam 


C x10 
i S/M = 27 


| 
4 
; S= 1.39% 19-1 


ii. [Fe?*] = S= 1.39 x 1075 mol L^ 


o 
[OH] 23$ =3 x 1.39 x 107? 
= 4.17 x 10-1? mol L^! 


iii. S for Fe(OH), in g I^ 


5 = 1.39 x 10719 mol L~! x 106.85 g mol 


=1.40 x 108 g L” 


Hg,Br,(s) + aq =~ Hg,” (aq) -2Br (ag) 


Ko = [Hg,**] [Ber 


c. For Hg,Br,, K,, = 5.6 x 107 ?3 hence 


Note: Mercurous ion exist as Hg,”~. 


S 2S 


= (S) (sy? = 11-22. 68 = AS?- M3 


i. S/M= 
4 


5.6x10 2 


nd | — 


ii. and S for Hg,Br, ing L^! 
$— 2.11 x 103 mol L~! x 360.4 g mol 
- 8.68 x 10% gL"! 
iii. [Hg,?*] = 2.41 x 10-8 M, 
[Br?] = 2 x 241 x 108 M = 4.82 x 10* M 


Ky = [Ag®}2 [SO,?] 


. For Ag,SO,, Kp = 1.4 x 10^, hence 
Ag,SO,(s) + aq == 2Ag9(ag) + SO, (ad 


2S S 


= (2S)? (S) 2 22.11.53 M8 = 4S MÈ 


} : $2241 x 103 mol 


l 
1.4x10> )3 4 
i S/M= (2) : 9 = 1.52 x 102 mol L 


ii. and 5 for Ag. SO, in g L~! 


S= 1.52 x 10-2 mol p x 311.8 g mol” 


= 4.74 g [4 


^ 


Uo E ER. 
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ii. [Ag®] = 2S = 2 x 1.52 x 102 nas : ero 
3 
[SO,?] = S= 1.52 x 102 mol L”! 


b. Ca,(PO), = 3Ca* + 2PO,* | 
calculate the solubility of A,X; in pure water, assuming that Total [PO,?-] = 25 = 2 x 105M; $2 10? M 
neither kind of pn ec with H,O. The solubility product of K; = 33.22.55 = 10855 = 108 x (105) 
A sit MN rcd RA 
ooh It S is the solubility of A,X,, = 1.08 x 10°23 
AX,(8) + aq = 2A*(aq) + 3X?-(ag) c. Ca,(PO,), == 3Ca* + 2PO,- 
2S 3S 38 2S 


n [A] = 2S, [X?] = 35 

Therefore, Kp = (2S) (SSF = 10885 = 1.1 x 1975 
Thus, $8 = 1 x 107? 

§=1.0x 10> mol L 


Total [Ca?*] = 35 = 6 x 105M; S=2 x 105 M 

K p = 10855 = 108 x (2 x 1055 = 108 x 32 x 1075 
= 3456 x 1075 
= 34.56 x 102 MP 


(MUSTRATION 8.105- Mood 


: : è ~ + + 4PO,> 
The values of K- of two sparingly soluble salts, Ni(OH), and 2 Zr (FO d 0, 
AgCN are 2.0 x 10-15 and 6 x 107 respectively, which salt is 35 4S 
more soluble? Explain. Total [PO,?-] = 4S = 8 x 10° M; S=2 x 10° M 
—n m K.. = 33.44.87 = 691257— 6912 (2 x 105y? 
EBB 2. Ag CN(s) + aq Ag*(ag) + CN^(aq) UR 
S 17 = 6912 x 128 x 102? 
K,, = [Ag®] [CN*] = 6 x 10- 


= 884736 x 1025 
= 8.85 x 1039 M7 
e. Zr (PO oan 4H4pO.—- 
3S 4S 
© Total [Zr**] = 3S = 3 x 10° M; S= 102 M 
a ede Jin ove a K,, = 69128? = 6912 (10-5)? = 6912 x 1033 M7 
~ ($) QS? = 2x 1077? i =69.12 x 10:2 MP 
7. $,7 0.58 x 104 -6912x102M7 
Therefore, Ni(OH), is more soluble than AgCN. 
MR CHE 8.18 COMMON ION EFFECT ON 
ndn SOLUBILITY OF IONIC SALTS 


Let [Ag®] = S}, then [CN?] = S, 
2. S2=6 x 1077; S, 2 7.8 x 10? 


b. Ni(OH),(s) + aq === Ni?*(aq) + 2 OH (aq) 


Calculation of K E when concentration of one of the ions is given. 


According to Le Chatelier's principle, if the concentration of 
j j tain 10% M F^ ions. i SH | 3 ; 
T “gen P A i JO CRM any one of the ions is increased, it should combine with ion of 
What is the Ks of CaF? E its opposite charge and some of the salt will be precipitated till 
b. A solution of calcium phosphate contains 2 x 10° M tom 


PO, ions. What is K ra of Ca,(PO,),? 


dis Similarly, if the concentration of one of the ions is decreased, 
€. A solution of Ca,(PO,), contains 6 ^ ] 0-5 M Ca” ions. 


more salt will dissolve to increase the concentration of both the 


What 1s the E of Ca,(PO,),? ions till once again K = Qu It is applicable even to soluble 
d. A solution of Zr,(PO,), contains 8 x 10-5 M PO,” ions. salts such as NaCl except that due to higher concentration of the 
What is the K. of Zr, (PO,),? ions, instead of their molarities, their activities are used in the 

5 Zr^* ions ession for Q, 

€. A solution of Zr,(PO,), contains 3 ^ 105 M Zr** ions. es e 

What is the K,, of Zr, (PO)? Alternative n | | 
" If to an ionic equilibrium XY ===> X? + Y9, a salt 
‘Sol, a. Cab, == Cat + 2F° 


containing a common ion (XA or YB) is added, the equilibrium 
S 25 shifts in the backward direction. This is called common ion 


1074 effect. 
Total [F°] 2 2S5= 10^, S= (t M 
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LA Oy b. For bi-univalent sparingly soluble salt [e.g., Non 

For example | vasi selten . il. 
AgCl in H, ;0 (being à saturated s and the common ion is anion (OH): 


a. To the solution of 
because solubility 
added which provides the c 
of AgCI decreases. 

AgCl(s) * aq = AgÜ(aq) + Cl! (aq) 


of AgCI in H,O is very small), if KCl is 
ommon CI? ions, the solubility Let 0.1 ° 
Ky of Ni(OH), = 2.0 x 107 

Let S is the solubility of Ni(OH),. The sen 
S mol L-! of Ni(OH), provides $ mol L~! of Ni: 


M NaOH is added to the solution of Ni(OH),, 


KCNS) + aq = K?(aq) + Cl (aq) IM 
According to Le Chatelier's principle, increase in [C1] 28 mol L`! of OH ions, but the tota "PRA of 
shifts the equilibri ium in M backward direction, i.e., some ue om 2$ ol : T— i 
solid AgCI precipitates out. 

10 mol L~! of OH ions from NaOH. 
Note: K of a salt is constant irrespective of the source of contains 0. 
ions, the solubility of a sparingly soluble salt in the presence Ke oa 10-15 = [Ni 2 (OH? IOT " 


‘ ng common jon can be calculated. 
of a soluble salt havi C i n simal 28 «e nii: 


b. To the solution ofa weak base NH,OH, if NH,CI is added Thus, (0.10 + 2S) = 0.10 


e - 
which provides common NH, ions, the ionisation of Hence, 
NH,OH is suppressed. 20x10-5- S(0.10y? 
e Q 
NH,OH =— NH, (aq) + OH(a ly E 
NH, 4 (aq) (aq) — =2.0x1073 M 
@ (0.10) 
NH,Cl —> NH, (ag) + CI? (aq) K 
Thus. ‘common ion effect’ is defined as follows: 7f to ES ge ua 
the solution of a weak electrolyte (e.g., CH,COOH or NH; or (C) 
NH ,OH) which ionises to small extent, a strong electrolyte (C = concentration of the common ion added) 
having a common ion is added which ionises completely, the Y 
ionisation of weak electrolyte is further suppressed. Ko (7 K =48) 
Sinitial = 4 | Sp 


8.18.1 CALCULATION OF NEW SOLUBILITY AFTER nM 
ADDITION OF COMMON ION c. For bi-univalent sparingly soluble salt (e.g. Ni(O#),). 


m o. and the common ion is cation (e.g. Ni”): 
a. For jio d du sparingly soluble salt Let 0.1 M NICI, is added, to the solution o fNi(OH),. In dis 
(e.g. AgCI and BaSO,), and the common ion is either case, common ion is Ni^* ion. 
cation (Ag) or anion (CI) or Ba** or SO,^ ion. 
Let 0.1 M NaCl is added to the solution of AgCl. 
K., of AgCl = 1.8 x 10710 


AgCl(s) + aq ——— Ag®(aq) + Cl^(aq) 


. K,720* 10-5 = [NP] [OH = (S+ CD CS 
As Ko is small, S << 0.10 
Thus, (S + 0.1) = 0.1 


Let S is the solubility of AgCI. Dissolution of S mol L” of Hence, 2.0 x 108 = 0.1 x AS? 
AgCI provides S mol L~! of Ag? and S mol L~’ of Cl” ions. mit 
But total concentration of CI” = (0.1 + S) mol L~! because new T [axe 
the solution already contains 0.1 M of Cl” ions from NaCl M C. 
(which is completely ionised). _{ Ks \ | where Cis the concentration of the 
K,,7 1.87 10 10 = [Ag*] [CI ] = (S) (0.1 + S) new (4xC common ion added | 
As Kip is small, S<< 0.1 M Pa: 
Thus, (0.1 + S) = 0.1 - (Ax 
Hence, 1.8 7 1077? = S(0.1) au 
se 1.8 x107" -1.8x10° M d. For tri-univalent sparingly soluble salt (€-8 Al(OH) 
0.1 
re and the common ion is anion (OH): 
Snew -— Let 0.1 M NaOH is added to the solution of AI(OH): 
ed (Kop of AKOH), = 1.3 x 1033) 
(where C is the concentration of common ion added) : | 
—s : — -33 — - 3. t 0. 1) 
S; tial =(K. JE Kos] M Ky 1.3 x 10°33 = [AP*] [OHF - (S) (3S 


As K, r is very small, 3$ << 0.1 
Thus, (0.1 * 3S) « 0.1 
Hence, 1.3 x 10 =(S) (0.10)? 


-33 
LI EL. 213x107? 
Sew (0.10) 


where C is the concentration of the 
common ion added 
Sinitial = 
43 -1 


e, For tri-univalent sparingly soluble salt (e.g., Al(OH), ), 


C Ky = 278%) 


and the common ion is cation (AP?): 


Ionic Equilibnum — "* — 


Let 0.1 M AIL, (assuming All, completely ionised) is added 


to the solution of Al(OH). 

In this case, AP* is the common ion. 
© 

K,713* 10-3 = [AP*] [OHT 


= (S + 0.1) G5) 
~ (0.1) (35? 


1.3x1077 ý 
d Sal 0.1x 27 | 


(5 $4 0.1 s 0.1) 


Sp 


27 x€ 


K 13 | where C is the concentration of the 
D eet = 


common ion added 


K 1/4 
op 1 eee 
S initial al | PA [ , Eo a 278] 


Table 8.11 Solubility of a sparingly soluble salt in presence of common ion (when Ky is very small) 


Types of sparingly Common ion added 


soluble salt 


eee 


a. For uni-univalent type Either cation or anion 


(e.g., AgCI) (e.g., Ag® or CI?) 
or or 
For bi-bivalent type Ba?* ion or SO,” ion 


(e.g. BaSO,) 


For bi-univalent type 


© 
Anion (OH ion) 
e.g., NI(OH); 


Cation (Ni? ion) 


Suo = ( Ku 


€.  Foruni-bivalent type 
e.g., Ag C204 


Cation (Ag® ion) 


Anion (C,O4^ ion) 


S in H,O S is common ion. 
(Solubility) (S ial iod 
A T S Sgi E K,, (C) 


C = concentration of | 
common ion added. | 
n = number of common 

| ion in sparingly soluble salts. 


o 
For tri-univalent type Anion (OH ion) 


e.g., AI(OH), 


Cation (AP?* ion) 


Let Dic 

M he solubilities of AgBr in water and in 0.01 M CaBr;, 0.01 

Give is and 2:05 M AgNO, be S,, S,, S, and S4, respectively. 
e decreasing order of the solubilities. 


i. AgBr + H.O 

: 2 E Ag? aq) + Rr2 

ii. AgBr in 0.01 M CaBr ee) «il 
[Br | added = 0.01 x 2 -002M S5 


————————————— i" 


nee. t 
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S As k,, is small, 


iii. AgBr in 0.01 M KBr Weg 
[Br?] added = 0.01 M 
iv. AgBr in 0.05 M AgNO, sy 
[Ag®] added = 0.05 M | 
n ions, SO 


Since both Br? ions and Ag® ions act as commo 
larger the concentration of Br? or Ag? ion added, more 18 
the suppression of ionisation of AgBr and hence less will 
the solubility of AgBr. 

Therefore, the decreasing solubility order: 


S,» S; > S, > S4 


The Kp of AgCl at 25°C is 1.5 x 10-19. Find the solubility (in g 
-l) in an aqueous solution containing 0.01 M AgNO,. 


SUB AgNO, is completely ionised. Due to common ion (Ag), 
the dissociation of AgCI is suppressed and hence, the 
solubility decreases. 


Since Ky, is small, S << 0.01 M. 
Thus, (0.01 + S) = 0.01. 
[For uni-univalent salt] 


Ky _ 15x 107° 


sons 1.5x10* M 


De (cy 
= 15% 10% x14335 


=2.15 x 10% gL" 


The solubility of AgCl in water containing Ag? 
(a common ion) is much less than that in pure water. 


calculate the molar solubility of Ni(OH), in 0.10 M NaOH. The 
onic product of Ni(OH), is 2.0 x 10 P. 


SoD First Method: 
For bi-univalent type, e.g., Ni(OH), 


1/3 
= 453 = |2 
k= 45 spo- (2) 


ka 20810 


-20x103M 
(0.10)? å 


new 


[OHP 
[Ni?*] = 2.0 x 10? M 
Second Method: 
Let the solubility of Ni(OH), is S. Dissolution of S mol. L~! 
of Ni(OH), provides S mol L^! and 2S mol! of [OH ] ions 


© 
but the total concentration of [OH] = (0.10 + 2S) mol. L^! 
because the solution already contains 0. 1 mol. L~! from NaOH. 
m 2.0 x 10-15 = [Ni?*] [OH?] 
= (S) (0.10 + 2s) 


28 << 0.10 
Thus (0.10 + 25) ~ 0.10 
Hence, 
2.0x 1075 = S(0.10) 
5 =2.0x 10°73 M= [Ni?*] 


The solubility of BaSO, in water is 2.33 g 100 mL, Calculate 
the percentage loss in weight when 0.2 g of BaSO, is washed with 


a. | L of water 
b. 1 Lof 0.01 N H,SO, [MWg,50, = 233 g mol] 


a. Solubility is in general expressed in g L^, so solubility 
of BaSO, = 2.33 x 10° gL". 
Loss in weight of BaSO, = Amount of BaSO, soluble, 


-3 
25S X100 = 1.16% 


=> % loss = 


b. 0.01 NH,SO, = 0.01 N S0,” ions 


= 0.005 M SO,2- ions 
(n factor for SO ^7 2) 


Now presence of SO,^ prior to washing BaSO, will 
suppress the solubility of BaSO, (due to common ion 
effect). The suppression will be governed by A, value 
of BaSO,. So, first calculate the K,, of BaSO,. 


Solubility of BaSO, in fresh water = 2.33 x 107 3gI] 

|. 233x10? 
233 

K = [Ba? [SO] = (105? = 107? 

Now let x be the solubility in mol L~! in H,SO, 


mol L! = 105 M 


— [Ba?*] in solution = x mol L~! 

and [SO,”-] in solution = (x + 0.005) mol L' 

Ionic product = [Ba?°*][S0,] = (x)(x + 0.005) 

K p = Ionic product at equilibrium (saturation) 

= 1.0 x 1071? = (x)(x + 0.005) 

Assuming x to be a small number (x + 0.005) = 0.005 
197! 


=—x= -2x10^? mol L`! 


0.005 - 
= 2x 108 x 233 g L7! 
= 4.66 x 10% gL"! 
= 4.66 x 10° g of BaSO, is washed away. 
4.66 x 109 x 100 


02 
———————— Ó—Ó—Á ca 


=> % loss = =§ 39x10" % 


APPLICATION OF x, 


piak 
jRECIPITATION OF SALTS 


purification of NaCl: Sea water contains NaCl, Na.SO 
T f MgSO, alongwith other impurities. On passing HCI 
" through a saturated solution of NaCl, then NaCl is 
precipitated due to increased concentration (activity) of 
(fe ion available from the dissociation of HCl. NaCl thus 
stained is of high purity and free from impurities. | 
similarly; soap (which is sodium salt of higher fatty acids) 
is precipitated out from its solution by stirring with NaCl 
The process 1S called ‘Salting out’. ) 
| predicting ionic or precipitation reaction: To determine 
whether or not a precipitate will from when two solution 
of known concentrations are mixed together. Consider the 
expression of the solubility product. 


For a salt (sparingly soluble) when dissolved in water: 

BA —— B*(ag) + A°(aq) 
At equilibrium (saturation): Kp = [B9][A9] 
When we mix ions Or if there be two or more ions in water, 
we define reaction coefficient (Q) called as ionic product, 
(LP) giving the products of ions in water (ions of soluble 
salts and other common ions). 
Tonic product is product of ionic concentration due to ions 
already present in water or from a salt. It may be and may 
not be equal to K 
To illustrate it more clearly, consider a case when 500 
mL of 0.005 M solution of AgNO, is added to 500 mL of 
0.001 M solution of KCI. Now in solution (mixture), there 
are Ag?, NO39, K®, and CI? ions. The concentration of 
[Ag*] = [NO,°] = 0.005/2 = 0.0025 M (equal volumes are 
mixed) 
and [K®] = [C19] = UT — 0.0005 M as equal volumes of 


two solutions are mixed. 
Now, we know that Ag? will react with Cl 
AgCI since: 


© ions to form 


AgCl —— Ag? CÓ 
is a reversible reaction wtih a high tendency towards left 
(solidifying or precipitating). 
Now, question is, whether AgCI will be formed or not 
(precipitation of Ag? and CI? as AgC)) and if it is formed, 
how much of it will be formed? For this, We define some 
Tules: 


L Iflonic product > Ky precipitation takes place till ionic 


és Product equals Ky 

u. If ionic product < K p 4 precipitate 

: and the solution will be unsaturated. 

lli. If ionic product = K,,. 2 precipitate jus 
and the solution is saturated in that salt. 

nisata critical stage; when 


(or we can say that the solutio red) 
precipitation just begins, but actually has not occu 


will not be formed 


t begins to form 


In present case, ionic product = (Ag9][CI^] 
- (0.0025)(0.0005) 
2125 x 1077 
(Only for the salt which is sparingly soluble, not for KNO,) 
Ionic product > K,, in this case (K „AgCI = 1.56 x 10719) 
which mean precipitation takes place. 


When 15 mL of 0.05 M AgNO, is mixed with 45.0 mL of 
0.03 MK,CrO,, predict whether precipitation of Ag, CrO, occurs 
or not? (K, of Ag;CrO, = 1.9 * 1634 


ISO First find the concentrations of Ag? and CrO, ions in the 
resulting mixture. 


15 x 0.05 22 
g, _ 15%9-0 1125x107 M 
[Ag] = 15145 


45 x 0.03 E, 
2-] = —2225x10^M 
[CrO4 ] 7 15.45 


The ionic product for Ag,CrO, is given as follows: 
Ag,CrO, —— 2Ap® + CrO,” 
Ionic product = [Age [CrO] 
= (1.25 x 10°} (2.25 * 1077) 
3451x10*—X. 


Hence, precipitation occurs. 


Given that solubility product of BaSO, is 1 x 10-19. Will a 

precipitate be formed when 

a. Equal volumes of 2 * 102 M BaCl, solution and 
2 x 10-4 M Na, SO, solution, are mixed? 

b. Equal volumes of 2 * 10-5 M BaCl, solution and 
2 x 10? M Na,SO, solution, are mixed? 

c. 100 mL of 10? M BaCl, and 400 mL of 10° M Na SO, 
are mixed. 


a. BaCl, ionise completely in the solution as 
BaCl, — Ba** + 2CI9 
[Ba?*] = [BaCl,] = 2 x 103 M (given) 
Na,SO, ionises completely in the solution as 
Na, S0, > 2 Na® + SO, 
[SO] ] = [Na,SO,] = 2 * 107 M (given) 
Since equal volume of the two solution are mixed 
together, the concentration of Ba?* ions and SO? ions 
after mixing will be 


2x10? 
2 


[Ba?*] - -10°M 


x10~ 
2 


-10^M 


2 
and [SO2] = 


TT lll 
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Ionic product of BaSO, i ye : slm 


| -10, of 
er than the solubility product (1 * 10 0 


which is great f BaSO, will be formed. 


BaSO,. Hence, a precipitate o E 
b. Here, the concentration perom mixing ts: 

[ma] = [BaCl,] = 2 * 107 M " 

(S07 1= [Na,SO,] = 2* 103 M (Given " 

Concentration after mixing equal volumes w! 


2x10^? 


344, ERAY 107 M 
[p?] = 77 — 710 


3 
2x10 42 


Ionic product of BaSO, = [Ba?*] [SO?] 

-103 x 10-3 = 1071! 
which is less than the solubility product (1 x 107'°). 
Hence, no ppt will be formed in this case. 

c. Concentration of Ba?* (Total volume = 100 + 400 = 


500 M) 
MV, = Mj 
(Before) (After) 


100 x 103 = M, x 500 


3 4 
u, -= 100x107 107 y 
= 500 5 
Concentration of SO,- 
MV, = My, 
(Before) (After) 
400 x 10-5 = M, x 500 
6 
M, = SAM N 
7 500 5 
IP (or) UR of BaSO, 


[Ba?*] [SO2] 


3 
_ 10 x4 05 
5 5 


4 xig? wt 
25 


-0.16x10? M? = 1.6 x10719 M2 
Oo > Ke, 
So precipitate of BaSO, will occur. 


The concentration of Ni** ions in a given NiS solution is 
2.0 x 10° M. Find the minimum S% ions necessary to cause 
precipitation of NiS. K, of NiS = 1.4 x 107, 


Note: Solubility product asi gives an idea of maximum 
possible concentration of an ion which can be retained in 
solution. 


K,, = ionic product for saturated solution 


For NiS ——— Ni?” + S^ 


Now, K,, = [Ni**][S*] = [S ]- (NP 


———M D 


ne On 

x WE aie ja l 
It is the maximum permissible concentration of S^ ion in 
solution. 


K T 
sp , : 
For [S2] = Nie] . NiS will just start to precipitate 


[N 


If [S7] > RUN NiS will precipitate. 
© EN]? 


. : - 1 2. 
This means i is minimum concentration of $% ion 


sp 
Ni^' ] 
above which precipitation occurs. 


E 14x104 - 


_ 7x10? M 
min 2x 10° 


8.20 APPLICATION OF k,, IN 
UALITATIVE SALT ANALYSIS 


The separation and identification of various basic radicals into 
different group is mainly based upon six groups based on the 
increasing K - values of corresponding precipitating compounds, 


Table 8.12 Analytical groups and their reagents 


YES ay 
Si 3 


Grp. | Group. 


Dilute HCl 


Hg,?*, Ag’, Pb^* | Hg,CL. AgCI, 


|2 M) in cold. | PbCL, (PbCL is 
| | soluble in hot water, 
| less in cold water. 
I. |H,Sin presence |I A: Hg”, Pb", | HgS, PbS, Bi,S.. 


Bi**, Cu2*, Cd2* 


Per M RCI CuS, CdS 


|IIB: As**, As", | AsSS.AsS,.SbS. | 
Sb?*^5 Sp?" ^* Sb.S. SnS, Sn, 

II. |NH,CI- NH,OH |Fe*, CF", AP* | Fe(OH), COH). È 
AI OH), EB 
IV. |H,S in basic Co^, Ni*, Mn | CoS, NiS, MnS, ZnS | «d 
medium, i.e. Zn>* 3 
H,S + NH,OH E 
V. |NH,CI + NH,OH BaCO,, SrCO E 
+(NH,),CO, CaCO | 


VI. | No specific 
reagent 


zero | Nessler's 
reagent in 


ammonical solution 
K, [Hel 4l 


lodide of Millon’s 
base 


(Oxydimercuric 

ammonium iodide) 
Hg 

QT "9 NEI Y 


NS Ho 


+ NH,OH 


Group I: Dilute HCl is added to the solution containing 
cations. Since the Ko values of the chlorides of group Iis less than 


K " values of the chlorides of higher group, so only the chlorides 


of I groups are precipitated. 
If the concentrated HCl is used, then [C19] will increase 
then the ionic product (Q,,,) of their chlorides will increase, the 


chlorides of other group may be precipitated. Moreover, PbCl, i5 
soluble in concentration HCI. 


b 


Co ss 


Serer ran ÁRABE 


Ionic Equilibrium 8.75 


Group Il: H,S(g) is passed in an acidic medium to the solution 
ining cations. Since the K,, values of the sulphides of group II 
28.1075) is less than K,, values of the sulphides of higher 
F 19°28), so only the sulphides of group I] are precipitated. 
m HS is a weak acid and its dissociation can be suppressed 

a low [S^] such that ionic products of group Il sulphides 
(o QU eded but not those of group III sulphides. This condition 
i “pieved by passing H,S in an acid medium so that H® (the 
i t ion) suppress the dissociation of H,S. 
con H,S === 2H? + S% 

HCI —> HÊ + CI? 


Thus, the group II sulphides are precipitated but not of other 


soups under these conditions because their K, values are quite 
high | 
Note: pb?* is included in both groups I and II. PbCl, is 
sparingly soluble in dil HCl. Any Pb?* ion present in group I 


filtrate will get precipitated as PbS in group II. 


cont 


Group III: Hydroxides of group III are precipitated by adding 
gn excess of solid NH,CI to the solutions of these cations followed 
py the addition of excess of NH,OH. 


NH,OH is a weak base and is slightly ionised, whereas NH,CI 
being a strong electrolyte, ionises almost completely to give large 


NH] ions. 
® © 
NH,OH —— NH, + OH 


e 
NH,Cl —~ NH, + CI 
Due to common ion effect, the suppression of ionisation 
of NH,OH occurs and [OH] decreases appreciably. But even 


©) 
with this low [OH ] ions, exceed the low value of the Ko of 
their hydroxides. Hence, only the hydroxides of group III get 
precipitated but not of other groups under these conditions because 
the K of their hydroxides are quite high. 
Note: 
a. NaOH cannot be used in piace of NH,OH, being a strong 


base, [OH ] will be high, and hence the hydroxides of the 
other group will precipitate out. 

b. NH,OH should be added only after adding NH,CI 
otherwise common ion effect would not occur in absence 
of NH,CI. Hence, hydroxides of other group will be 
precipitated out. 

c. NaCl and NaOH cannot be used in place of NH,CI and 
NH,OH. Both being strong ionises completely to give 


high [OH ]. NaCl cannot suppress the ionisation of NaOH. 
Therefore, hydroxides of other group will precipitate out. 
Moreover, Al(OH), and Cr(OH), are soluble in excess 
of NaOH because of the formation of aluminate and 
chromate, respectively. 


Group IV: Precipitation of sulphides of group IV occurs in 
Presence of large excess of NH,OH. K,, of sulphides of group IV 


are sufficiently high. Therefore high concentration of S% ions as 
compared to that required in group II for which K.p values are low. 


H,S is weakly ionised as: 


H,S == 2H® + S7 
® C) 
NH,OH —— NH, + OH 


In presence of NH,OH, OH ions neutralise H® ions. 
According to Le Chatelier’s principle, ionization of H,S proceeds 
in forward direction. Therefore, [S?-] increases. Ultimately, 
the ionic products of the sulphides of group IV exceeds the Eo of 
their corresponding metal sulphides and hence get precipitated. 


Note: (NH,),SO, can not be used in place of NH ,OH, because 
the sulphates of Ba, Ca and Sr. will get precipitated as white 
precipitate. 

Group V: The carbonates of group V are precipitated by 
adding (NH,),CO, solution to the solution of these cations in the 
presence of NH,Cl and NH 4OH. (NH4),CO, is a weak electrolyte 
that ionises slightly to give small [CO,”] ions. 


& 
(NH,),CO, = 2NH, * CO;7 
NH,CI is a strong electrolyte, ionises almost completely to 


give large [ NH 4 ]. Due to the common ion effect, the dissociation 

of (NH,),CO, is suppressed and hence high [Co] decreases 

considerably. But even with this low (CO. ions, the ionic 

products of these cations and CO,” ions exceed the low K values 

of their corresponding metal carbonates and thus get precipitated. 
Note: However, under these conditions, Mg salts do not get 
precipitated as MgCO, since its Ksp value is comparatively high 
and thus requires a high [CO4?] ions for precipitation. 


The carbonates of Na, K®, and NH , are also not precipitated 
because they are quite soluble. 

The necessity of adding NH,OH arises due to the fact 
that (NH,),CO, solution usually contains a large amount of 
NH,HCO,. Thus, the cations of group V will form not only 
insoluble carbonates but also soluble bicarbonates. As a result, the 
precipitation will not be complete. In order to convert NH ,HCO,, 
NH, OH is always added. 

NH,HCO, + NH,OH —> (NH,),CO, + H,O 

Note: 


a. Na,CO, cannot be used in place of (NH,),CO, because 
Na,CO, is a strong electrolyte whose ionisation cannot 
be suppressed by common ion effect. Therefore, the large 
[CO;?] ions will also precipitate magnesium. 

b. Large excess of NH,Cl should be avoided. Since the large 
excess of NH,CI further reduces the [CO,*-] ions, to such 
a low value that it even does not exceed the K,. of group 

ee) 4 T 
V radicals. 

c. The solution should be warmed and not boiled while 

precipitating group V radicals. Since warming decomposes 


the soluble bicarbonates (impurities) of Ca, Sr and Ba into 
insoluble carbonates. 
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Ca(HCO,), —> CaCO, + H,O + CO, 
Boiling dissolves the ;nsotible carbonates as chlorides. 
CaCO, + 2NH,CI —> CaCl, + (NH,),CO,. 

d. The group V precipitates should be dissolved in acetic acid. 
If the precipitates are dissolved in strong acid like HCI or 
HNO,, Ca will not get precipitated as calcium oxalate by 
adding ammonium oxalate because it is soluble in strong 
acid. 

H, SO, precipitates sulphates of Ca, Ba, and Sr. 


A solution contains 0.01 M each of CaCl, and SrCL. A 0.005 M 
solution of SO,” is slowly added to the given solution. 
a. Which substance begins to precipitate first? 


b. If H,SO, is continuously added, determine when will 
other salt be precipitated? 


c. When second salt starts to precipitate, find the 
concentration of cation of first salt. 
Assume that CaCl, and SrCl, are 100% ionised and 
volume of the solution remains constant. 
(K,, of SrSO, = 3.2 x 107 and K,, of CaSO, = 1.3 x10 5) 
BSED The solution 0.01 M Ca?* ion and 0.01 M Sr?* ions (100% 


ionisation). Now SO a ions are added gradually and slowly. 


a. First calculate the minimum [SO;?"] required to start 
precipitation of CaSO, and SrSO,. 


- K [CaS0,] 
[ E “Imin. for CaSO} [Ca?*] 
4 
-12x10 213x107 M 
0.01 
" — Ka [SrS0,] 
Since [SO;" lui, for srso, ~ [Sr?*] 
„22x d»xig^M 
0.01 


Since [SO;? ] for SrSO, is much lower that required for 
CaSO,, so SrSO, will precipitate first. 


b. Now, if SO,” ions are continuously added, at some 
instant, its eiai will become equal to that 
minimum required for precipitating out Ca?* ions. 


Hence CaSO, will start precipitating if, 
[SO] = 1.3 x 10? M. 
c. Now, find the concentration of Sr?* ions when 
[SO,2-] = 1.3 x 107 M in the solution. 
K,,StSO, 32x10" 
[SO] 13x10? 
[2.46 x 105 M <<< 0.01 M] 
Note that when CaSO, starts to precipitate, SrSO, is 


almost precipitated "m as the value of Sr?* is very very 
low. 


-5 
[Sr2*] = = 2.46 x10 M 


Note: The above illustration represents a case of Selective 
precipitation (or separation of metals cations) by adding 
a common anion. Note that there is a vast difference in 
the K „ value of two sulphates, and hence in the minimum 

values of sulphate ion for precipitating out the two metals i ions. 


How much the concentration of Ag® ions in a saturated solution 
of AgCI diminish if such an amount of HCI is added to it that the 
concentration of CI^ ions in the solution becomes equal to 0.03 M? 
Also find the amount of AgCl precipitated at the given concentration, 
Ao of AgCI = 1.8 x 10-0, 


|. ) HCl is added to a solution containing Ag? ions in saturated 
solution. First find the concentration of Ag ion in this 
solution. 

AgCl(s) ——— Ag? + CI? 
= Ky [Ag9][CI9] = x? 
where x is solubility of AgCl in mol L~! 


= [Ag9] - JK,, = 1.8x107? 21.34x10^ M 


When HCI is added, the ionic product of AgCl approaches 
the K,, value of AgCl, the precipitation of Ag? ions will 
occur. As ionic product increases (i.e., becomes greater than 
Es value), and appreciable amount of AgCl precipitates 
out, and precipitation continues till ionic product equals 
solubility product (K, p 

Ionic product = [AgS] iC] =K; 

Es E 1.8 x ro *” 
[CI] (0.03) 
Now this is the amount of Ag? ions left un-precipitated. 
= [Ag®] diminishes in the solution by 

6.0x10? l ) . 
more =| === | times 

1.34 x 10 2233 
The concentration of AgCl precipitated out of the solution 

~ [Ag initia e [Asm len 
= 1.34 x 105 — 6.0 x 10°M 


It means almost whole of AgCI is precipitated out of the 
solution at [C19] = 0.03 M. 


— [Ag®] = =6.0x10° M 


8.21 PRECIPITATION THROUGH H,S 


The most typical technique used in precipitating the metals ions or 
selectively precipitating (separation) the two metal ions, is passing 
H,S gas in a solution of metal ion (s) whose acidity is externally 
controlled (or preset by adding HCI). First consider the ionisation 
(equilibrium) of H,S gas in an aqueous solution and then in an 
acidic solution. 


8.21.1 PASSING H,S(g) IN AN AQUEOUS SOLUTION 


H,S is a diabasic acid. We have to visualise two-stage ionisation 
for it 


H,S(aq) == H®(aq) + HS*(aq); K, (i) 


br 


" 


— seg == ue (aq) + S? (aq): K, ...(ii) 


K, and A, are first and second ionisation constants, 
ectively. for H,S(aq). Since A, << K, (due to common ion 
" 4). We usually neglect the concentration of H® ions from 


elle’ ta 
cond equilibrium. 
i i - [ue 
> [H] solution — [H an HS + Ds hal ae re 
~ He 
~ [H lion H.S 
e MO Š "T 
HS 
vow, K = LIBE and x, CIS] 
l [H.S] [HS°] 


From equation (1), [H9] = [HSS] and neglecting [H®] from 
ation (ii), we have from second ionisation constant: 
@ srq2- 
[NS ]. > 

K "oma m AME g8 

: [HS] 
So if we pass H,S in an aqueous solution, sulphide ion 
concentration is simply equal to the value of second ionisation 


-onstant. We can determine whether precipitation of metal sulphide 
occur or not by comparing ionic product with solubility 


equ 


vill 
constant (Kp) 


821.2 PASSING H,S(g) IN AN ACIDIC SOLUTION 


Now it we pass H,S in an acidic solution of a metal ion till 
situation. we simply neglect the concentration of HÊ ion from HS 
(both from first and second ionisation) totally as the concentration 
of H from acid (strong acid added externally) is very high. In 
chat case we can simply add two equilibriums (i) and (ii) to get: 


H.S(ag) = 2H®(aq) + S? (aq): K (HS) 


& 2re2- 
psg BDS 
diti [HS] 

Note that in saturated solution of H,S at 25°C, [H,S] is 
constant at 0.1 M. 

—K *(01M)- [H9] [S^] 

([HeP[S?] = E of H,S) 
,. K,*(01M) KjxK;x(0.1M) 
=([S]=— Tan. yer? 
[HF] (H^] 

In this way, we now know the concentration of sulphide ion 
in an acidic solution, so accordingly we can plan precipitation of 
metal ions. The important aspect of this method is that we can 
always increase or decrease the concentration of sulphide ion by 
Controlling the amount of acid. 


Calculate the maximum possible concentration of Mn?" in 
water that is saturated with H.,S (which is 0.1 M at 300 K) and 
maintained at pH = 3 with HCI. The equilibrium constant (s) for 
dissociation of HS are: 

HS —— H? + HS^;K,-9» 10 ' 

HS? —— H®+§?;K,=1~ 10? and 

K of MnS = 3 x 10° 


Ionic Equilibrium 8.77 


BBO Note that solution contains S^ ions (from H,S). 

So Mn?! will react with S% ions to give a precipitate of 
MnS (being sparingly soluble salt). Hence, the concentration 
of S% at saturation will determine the maximum possible 
concentration of S% at saturation will determine the 
maximum possible concentration of Mn?" ions in solution 
that will not be precipitating. So first calculate [S^] at 
saturation. 


Calculate K, for dissociation of HS. 
K of H,S =K, x K,=9 x 1029 


H,S —— 2H® + S? 


[H FISH] | 5, Kal HS) 
-Ko ms CP pe 
Note that pH of solution is maintained at 3 ( externally). 
= [H9] = 10? M 
5 [s4 = a dl aE 
(10 7) 


In a saturated solution, ionic product = K -" 
Now ionic product = [Mn?*][S*-] = [Mn?7](9 x 1077) 
= [Mn2*](9 x 10715) = 3 x 107 


= [Mn?*] 23.33 x 108 M 


8.22 SIMULTANEOUS EQUILIBRIUM 


When two salts having a common ion (either cation or anion) 
are together in water, then their respective solubilities are not 
independent of each other. 


Explanation of the concept: Consider a solution containing two 
salts: CaF,(K,, = 3.4 x 107!) and SrF, (K,, = 2.9 x 10°). Compare 
their K,, values. Let us assume that most of F - jon concentration in 
the saturated solution is from SrF,, as its Ky, is much higher than 
that of CaF,. It means that first SrF, will establish its equilibrium 
(as if there is no CaF,), then CaF, will dissolve in presence of ions 
furnished only by SrF,, 


Let the solubility of SrF, be x mol L~'. 
SrF,(s) = Sr*(aq) + 2F- (aq) 
=> [Sr?*] = x and [F^] = 2x 


K,, = [SP E T = O = 4e! 


| ena) — 
xd id a 4 =9x 10 


d the solubility of CaF, is determined in presence of 
9 ; “ ons y l 

) x JO" M F ions, It means neglect the contribution of F? ions 
from Cak,, 


K, = (CaP p? 


sp 


K. -Ll 
[F] (2x9x104) 
Hence, the solubility of CaF, is 1.0 x 10-5 


=1.0x10 M 


mol L-!. 


7. — 
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Note: Let us check our assumption. F^ ions from CaF, is Ua 
the amount of Ca?* ions i.e., 2.0 x 10-5 M, whereas F® ions 
from SrF, is 2 x 9.0 x 104, i.e. 1.8 x 10? M, which is much 
higher than 2.0 x 10-5 M. 


Two weak monobasic organic acids HA and HB have dissociation 
constants as 3.0 x 10? and 1.5 x 105, respectively, at 25°C. If 
500 mL of 1 M solutions of each of these two acids are mixed 


to produce 1 L of mixed acid solution, what is the pH of the 
resulting solution? 


GD Note that K, of two acids is nearly same. In such cases, we 


have to consider H® from both HA and HB simultaneously. 
The concentration of HA and HB in the mixture = 0.5 M 
[equal volumes are mixed] = CM 


HA ==> H9 + A6 
C 

Cx x x 
HB == H? + B9 
C 

C-y y y 


Now, [H?]... = [H9] 


from HA + [H9]... HB 
= SAY and Kay = SEY 

x: C-y 
As K, of both acid ~ 10-5 and H from one acid acts as 
common ion for other's diss 
as compared to C. 


=> C-x=CandC-yzC 


> Kma 


ociation, x and y are very less 


(x * y)x (x + y)y 
> K (HA) == C and K «HB = C 
Divide the two expressions to get: 
- X: => x=2y 
2 y 
: m E x? 4 xy 
Substitute for y = 2" in K A) E ES. 
3.0 x 105 x^ 4 0.5x? 
x = —————— 
77 0.5 


V10 


> x= 410 x10? M and y= 777x107 M 


3410 


3/10 
3 


pH = -log | «103 | pH 7232 


Calculate the simultaneous solubilities of AgSCN and AgBr. 
[K,,(AgSCN) = 1.0 x 1077; K (AgBr) = 5.0 x 10713] 


BSI In this case, please note ee d. TWO salts 
are very similar. So the concentration of Ag? iong (th 


common ion) cannot be calculated from a single salt alon. 
and we have to consider the equilibrium of the two e 
simultaneously. 
Let the simultaneous solubilities of AgSCN and AgBr lies 
and y, respectively, in mol | as 

AgSCN(s) == Ag?(aq) + SCN°(aq) 


X X 
AgBr(s) ==> Ag®(aq) + Br(aq) 
y y 


At equilibrium: 

[Agf] 2x ^y; [SCN°] =x; 
[Ag?][Br?] = K (appr) 

and [Ag?][SCN?] = K, agscny . 
According to electrical change neutrality equation, 


[Br^] = y 


Total positive change — Total negative charge 
Note that: [Ag®] = [Br?] + [SCN?] 
[This is an Electrical charge neutrality equation] 


K X (AgBr) " K sp(AgSCN ) 
[Ag?] [Ag?] 


=> [Ag®] = v K o (AgBr) + Kp AgSCN) 


=> x+y= 1.22 x 1076 


[Ag®] = 


Br? K 
[SCN , ] x Ky (agscn) 
Using equations (i) and (ii), we get 
x= 8.0 x 1077; y=4.0 x 107 


= 0.5 (Hi) 


How much AgBr could dissolve in 1.0 L of 0.4 M NH? 
Assume that Ag(NH,),® is the only complex formed. Given: 
the dissociation constant for 
Ag(NH,),9 == Ag? x 2NH,; 

K,7 6.0 x 1075 and K (AgBr) = 5.0 x 10-5, 


(SOM Let solubility of AgBr be x M. Thus, [Br?] =x M, but [A7] 
* X M since it will react with NH, to form a complex and 
thus, its concentration Will be decided by the dissociation 
of complex. So, let [Ag®] 2 » M. l 

AgBr == Ag®(aq) + Br°(aq) 
> Ks = [A8 Br] = y x = 5,0 x 19-13 
Since the formation constant (K,) of the complex is very 
high, assume that whole of Ag? formed is consumed. 
Ag? + 2NH,—> Ag(NH,),® 
x 0.4 


0.4—2x X 


Ag(NH,),® —— Ag®(aq) 4 2NH,;(K, —50x 107) 
x 0.4 — 2x 


x=} y 04-2x-*2y 


DD 
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. [Ag IINH _ (0.4 - 2x +2)? 


eg 
Thus da [Ag(NH;);*] 
Assuming X — Y & X since K, is low and x << 0.4, we get 
(0.4 

x 


=6x10°% 


x-y 


d 


solving for x: 
x=1.15 x 10? M 


(Verify the approximation yourself) 


m MERGE EMEN EE 
$23 THE SOLUBILITY OF A SALT OF 


Oe —— u Amir EMI DDECTARIZET MO LI 
WEAK ACID IN PRESENCE OF H® 
IONS FROM BUFFER SOLUTION 


rhe solubility of salts of weak acid increases at lower pH. This 
because at lower pH the concentration of the anion decreases 
jue to its protonation. This in turn increases the solubility of the 
st so that K,, = Osp | 
for example, the solubility of silver benzoate (PhCOOAg) (salt 
êW, Wp) in presence of H® ions. 
&COOAg(aq) =— Ag? + PhCOO?^ —H— PRCOOH 
According to Le Chatelier's principle, ionisation of salt increases 
and hence solubility increases. 
Rule: Solubility of salt of WW, increases with increase in [H9] ions 
c increases at lower pH. 
Formula of solubility of salt of W/, in presence of H ions: 
The two equilibrium must be satisfy simultaneously, Let the salt 
of WF, is represented as MX. 

K = [MS][X*] n) 

g- EIK] 

^ [HX] 

p ES (ii) 

[HX] [H7] 
Taking inverse of both sides and adding 1 to eq (ii) we get, 


[HX] , [H7], 


—M Jr j=—— + 
<i ^ 4 
[HX]- [X^], [H7] Ka ii) 
[x] K, 
Now, again taking inverse of equation (iii), we get 
X^] | K 


[HX]+[X°] [H?]* K, 
Ata particular value of [HP] 
[X] | K, 
C =f H® 
[X^] - [HX] K, *[H ] | 
lt can be seen as ‘f’ decreases as pH increases. If S, 
Solubility of the salt at given pH, then 


is the 
Ww 


2 Ka 
Ky, 2 [SrewllfSrewl E Snew K, + [H?] 


1/2 1/2 
K (H° 14K H* 
or A [SEE l+ 1 IE p J 
new K sp K, 


a 


Thus, solubility $ increases with increase in [H®] or decrease in pH. 


Sio = V Ks C A = 5), 


Ratio of solubilities of salt of W, in presence of H® ions and in 


H,O is: 
o4 1/2 
Je ete o4, V2 
[10 


K 


— ee 


a 


The solubility of silver benozate (PhCOOAg) in H,O and in 
a buffer solution of pH = 4, 5, and 6 are S,, $5, 5;, and S,, 
respectively. Give the decreasing order of their solubilities. 


Solubility of a salt of W, increases with the increase in 
[H9] or increases at lower pH. Thus, decreasing order of 
solubility is: 

S, > S,>S,> 5; 


SEP oe 1 Pee 


The ionisation constant of benzoic acid (PhCOOH) is 6.45 x 
10 and Kr. for silver benzoate is 2.5 x 10-'°. How many times 
is silver benzoate more soluble in a buffer of pH 3.19 compared 
to its solubility is pure water? 


Ol) K, of PhCOOAg = 6.45 x 10? 
E of PhCOOAg = 2.5 x 107 
pH of buffer = 3.19. 
-. [H9] = Antilog (3.19) = Antilog (-3 - 0.19 + 1 -1) 
- Antilog (4.81) 
-645x10^M 
Let S, er (solubility of salt in a butter) 


24 002 
i 6.45 x 10 
=| 1+ 
6.45 x 10> 
= [I + 10]? = (11)! = 3.317 


Thus, silver benzoate is 3.317 times more soluble at lower 
pH than in water, 


| om 
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Write equations showing all of the equilibrium reactions 
occurring in aqueous solutions containing each of the following 
sets of reagents. 

a. NaCl 

b. NaOH 

c. NaC,H,0, + HC,H,0, 

d. Na, S + CuS 

e. NH,CI + NH, + Mg(OH), (s) 


(SGN AII of them (a)—(e) involve: 2H,O > H,O® + OH. In 
addition, (c) to (e) have following equilibrium: 


c. HCjH,0, + HjO == H,0® + C,H,0,° 
d. CuS —> Cu? + S7 


© 
S% + H,O—> HS^ + OH 
© 
HS° + H,O — H,S + OH 
e © 
e. NH, +H,O—> NH, + OH 


Mg(OH), —> Mg?*+ OH 


— | LJ = 
— | 4 i N C. 
— x a Tai z- cd ial oper is. 


Calculate the solubility of CoS in 0.1 M H,S and 0.15 M H,0® 
(K,, of CoS = 3 x 10°), (K,x K,(H,S) = 107!) 


(SG) HH = noe + HSO 
H,O + HS? == H,09 + s? 


[H,O? [S^] 
[HS] 
In 0.1 M H,S and 0.15 M HO", 


_ (0.15 [S] 


NE 
K,K, = =10 


JL Z 1072! 
[5] 0.1 
10°” i 
- [SH] = =4x10 
ss] 0.0225 
Ka = [Co] [S7] = 3 x 1026 
3x10 P 
2+] = =7x10™° M 
ed 4x10?! 


Explain why CoS is more soluble than predicted by the Kig 


Sol. | Not all the sulphide which dissolves remains as S?-, most 
of it hydrolyses: 


S^ HO == HS? + OH. 


The solubility of CuS in pure water at 25°C is 3.3 x 104 gL"!, 
Calculate K,, of CuS. The accurate value of K, of CuS was found 
to be 8.5 x 1036 at 25°C. 


Cus —> Cu?* + S?- 
. 94x10 8E" 


— =3.5x10° M. 
95.6 g mol 


ae RIE 


Explain why CuS is more soluble than predicted by the Ky 


Soi The S% hydrolyses extensively. The amount which 
dissolves and the amount which exists as S% in solution are very 
different. 


r4 7 ACH 


The solubility of TLS in pure CO,-free water is 6.3 x 10% M. 
Assume that the dissolved S?- ion hydrolyses almost completely 
to HS“ and that the further hydrolysis to H,S is neglected. What 
Is, Kp? (K,(H,S) = 10:1 


LM 


HEB T,S—2rT9*s^  K,-[TIP[s?] 


© 
S* +H,O ——* HS? *- OH 


E. a 


K, 198 7 


h— 


© " 
[T9] = 2(6.3 x 10-6), [OH] -[HS-]2 63x10 


(63x10?) _ 
[S^] 
K.p = (6.3 x 10%)?[2(6.3 x 10)? = 6.3 x 10?! 


K,= 1.0, ». [S?-] = (6.3 x 10-5? 


When sol 
solution was found to have [Sr?*] = 2.2 x 10-4. What is the S 
of SrCO;? (K, of H,CO, = 4.7 x 10-1!) 


Sol. First Method (by using direct formula): 
Solubility of salt of weak acid (H,CO,) in buffer (refer 
section 8.10.1) is given by the formula 


9412? l 
Shuffer m V Ks [ + Z) ! (I) 


Spufter = 2-2 X 107* M, pH = 8.60, 

-. [H®] = -log (8.6) = 2.51 x 10-9 

Ko =4,7 x 107! 

Substituting the value in equation (i), we get 


1/2 
2.51x M 


2.2 x 104= iz) 14 
y 76 | 4.7 x10"! 


= (Kt £ 53.4)? 


NP UB 


E -10 
ij 544 =8.9x10 


second method: 


Sec 
Ky Z [Sr?*] [CO;?-] 


2) 
co,- * HO == HCO,° + ÔH 


© ~ 
K, _ [OH][HCO,°] K 
=—— 3 I 


"Ky — [CO,^ 


w 


= — ll 
4.7x107!! 


[H,09] = (log 8.6) = 2.51 x 19-9 


© = Ky 
[OR] = 5 5 x10? 


sp HCO,° = | - 
Boe CO | 47x19 


[HCO;°] 251x19? 

TCO;1 ^ 47.117534 
[CO] — 47x10 

The CO,”- ion which dissolves forms H 
ratio or remains unreacted, thus, b 
[S?*] = [HCO,°] + [CO,24 

2.2 x 104% = 33.4[CO,?] + [CO;?-] 

22 x 10-4 = 544[CO,?-] 


CO,° ina 1:1 mol 
y electroneutrality, 


EN 


. 2- 
SEOD I= A 


22x10 
54.4 


4 
K = Q.2x10 ( 


—89 x10? 


Calculate the solubility at 25°C of CaCO, in a sigan container 
containing a solution of pH 8.60. [K,,(CaCO,) = 1075] 


H9] 1/2 
ED... - f zs (i) 


a 


1/2 
cus 


-841/2 
= pg————— 
(107) | 47x10! 


= (54.4 x 1075)2— 7.376 x 104 = 7.4 x 10%. 
Second method (proceeding as in the last illustration) 
By electroneutrality, 

[HCO,°] - 


53.4 
[CO,” ] 


[Ca?*] = [CO,?-] + [HCO,); 


Let x = [Ca?*] = 54.4[CO,* ] 
K= [Ca?*][CO,7-] 


2 
= x zi = SES. = 105 
54.4) 544 


“x= 7.4 x 10-4 = [Ca?*] = Solubility 
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CONCEPT APBLICATION EXERCISE 8.4 
Objective Type 
Indicators 


1. The pH range where the indicator show 
are given as: 
i. 4-9.7 ii. 7.46—10.0 iii. 6.5-4 
Which of the above pH range represents titration of 
I. Strong acid/strong base (5 4/ $5). 
Il. Weak acid/strong base (W Sp) 
III. Weak base/strong acid (W,/S,,) 
(1) (1) > I, (ii) > II, (iii) — III 
(2) (iii) > I, (ii) > IT, (i) — TII 
(3) (ii) > L (iii) > II, (i) > III 
(4) (i) > I, (iii) > II, (11) > III 
2. The acid base titration graphs are given as: 


s change in colour 


4 [ems 


9 10 20 30 40 50 60 


0 ! 
50 60 
Volume of base —> 10 20 30 40 50 
(1) 


Volume of base —_ 
(ID) 


Volume of base — 3 
(HII) 


Which graph represents titration of 
i. NH,OH/HCI(W, p/S 4) 

ii. HNO,/KOH(S 4/Sp) 

iii. CCH.COOH/KOR( WS.) 


Graph Titration 


(1) I, II, III 
(2) I, II, III 
(3) 1, II, III 
(4) 1, II, III iii, 1, di 
3. Which indicator is suitable for the titrations: 
Titration 
i. HCOOH/NaOH 


i, ii, iii 
ii, iii, i 
iii, ii, i 


Indicator | 
(A) Bromothymol blue | 
or phenolphthalein 
or methyl orange or 
thymolphthalein. 

(B) Methyl orange or methyl 
red or bromocresol 
green 

(C) Phenolphthalein or 
thymolphthalein 


ii. HBr/KOH 


iii. NH,OH/HNO, 


dime N 
o 
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(D) (0 > A, (li) — By (iii) ^C 

(2) (i) >A, (1) > C, (iii) > B 

(3) (1) > B, (ii) > C, (1) — A 

(4) (1) — C. (ii) > A, (ii) > B 

4. A solution gives the following colours with different 

indicators: 

Methyl orange Yellow 

Methyl red Yellow 

Bromothymol blue Orange 


What is the pH of the solution? 
(1) 54.5 (2) >6.0 
(3) 6.0 to 6.3 (4) 4.5 to 6 


. In the titration of NH ,OH versus HCl, the pH ofthe solution 


at equivalence point is about: 
(1) 5.5 (2) 7 
(3) 8.5 (4) 9.5 


. The pH indicators are: 


(1) Salts of strong acids and strong bases 
(2) Salts of weak acids and weak bases 
(3) Either weak acids or weak bases 

(4) Either strong acids or strong bases 


. In which of the following acid-base titrations, pH is greater 


than 8 at the equivalence point? 

(1) Aceitic acid vs ammonia 

(2) Acetic acid vs sodium hydroxide 

(3) Hydrochloric acid vs ammonia 

(4) Hydrochloric acid vs sodium hydroxide 

Why are strong acids generally used as standard solutions 

in acid-base titrations? 

(1) The pH at the equivalent point will always be 7. 

(2) They can be used to titrate both strong and weak bases. 

(3) Strong acids form more stable solutions than weak 
acids. 

(4) The salts of strong acids do not hydrolyse. 


. The best indicator for detection of end point in titration of 


a weak acid and a strong base is 
(1) Methyl orange (3 to 4) 

(2) Methyl red (5 to 6) 

(3) Bromothymol blue (6 to 7.5) 
(4) Phenolphthalein (8 to 9.6) 


'olubility and K ^ 


10. 


The precipitate of CaF, is obtained when equal volumes 
of the following are mixed. 


[K,,(CaF,) = 1.7 x 10-19] 

(1) 10°? M Ca” + 103 M F? 
(2) 104 M Ca** + 107^ M F? 
(3) 10? M Ca** + 105 M Fo 
(4) 10? M Ca?* + 103 M F° 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


. The solubility of A,B, is x mol dm. Its K, is 


| 


(1) 6x4 (2)64x4 — (3)36 (4) 1085 | 
The pH of Ca(OH), is 10.6 at 25°C. Bi gy of Ca(OH), is 
(1) 3.2% 10°" M? (2) 3.2 x 107! M? 
(3) 1.6 x 107? M? (4) 1.6 x 10! M? 
Solubility of AgI in 0.05 M Bal, solution is 10^ !^ M. The 
solubility of AgI in water is 
(ll) 25 x 1077 (2)107M (3)5x 10% 
The solubility (S) of a solute in 

fns 


(4) 10* M. 


water varies with temperature 
as given by S = Ae ^P/RT. AH 
being the enthalpy of solution. 
For a given solute, variation 
of InS with temperature is as 
shown in figure. The solute is 
expected to be 


(1) CaO (2) MgSO, 

(3) CuSO, (4) CuSO,-5H,O 

The solubility of CaF, in a solution of 0.1 M Ca(NO,), is 
(cé) — Qo) OF wmo) 


The volume of water needed to dissolve 1 mg of PbSO, 
(a= 144x 1075, Mw of PbSO, = 303 g) at 25°C is 

(1) 80 mL (2) 43 mL 

(3) 27.5 mL (4) 10 mL 

A student wants to prepare a saturated solution of Ag? 
having maximum [Ag®] ion by selecting one out of three 
salts from: 

AgCI (K,, = 2.0 x 10719), AgBr (K,, = 5 x 107), and 
Ag;CrO, (K,, = 2.4 x 10-'*). Which compound should be 
used to have maximum [Ag®]? 

(1) AgCI (2) AgBr 

(3) Ag, CrO, (4) Any one of them 

How many grams of KBr can be added to 1 L of 0.12 M 
solution of AgNO, just to start the precipitation of AgBr. 
(Mw pf KBr = 120; K, of AgBr = 107) 

(1) 10719 g (2) 10? g 

(3) 0.5 x 10719 g (4) 0.5 x 10? e 

The solubility of silver benzoate (C,H;COOAg) in H,O 
and in a buffer solution of pH = 2, 3, and 4 are S, S, S3 
and 5, respectively. The decreasing order of solubility is 
(1)S,>S,>S,>S, 5, S 5 9 
(3)S,>S,>S,>S, (4)S,>S8,>S,>S, 
The solubility of CH,COOAg in a buffer solution with pH 


4 
= 4, whose K,, = 107!? and K, = is 
(1) 10-5 (2) 0.5 x 10-5 
(3) 5 x 1075 (4) 2 x 1079 


eas 


tio of Solubility of CH,COOAg 


| 4 Refer to Q. 20 above, the ra 
` in a buffer solution wi 3 

in a buffer solution with PH = 4 and in H,O is 

(1) 1/2 (2) 2 (3) 1/3 (4) 3 


is the maximum molar; 42: 
1. What ıs t olarity of Co io 
saturated with 0.1 M H,S. (K, = 45 ns in 0.1 M HC] 


10-2), Given: 
CoS =2 x 10721, ). Given: A of 
(1) 0.10 M (2) 1.00 M 
(3) 4.48 x 101 M (4) 0.50 M 


| 33. The following curve shows the chan 
course of titration of weak acid HA With a strong base. At 
which point in the titration curve is the concentration of 
acid equal to that of its conjugate base. 


(1) Point B (2) Point C (3) Point D 


ge of pH during the 


(4) Point E 


Vol. of NaOH added 
we > 


24. If the salts M,X, QY,, and PZ, have the same solubilities 


< z , their K p values are related 


(1) K MX) = K (QY) >K, PZ) 
(2) K MX) > K,,(QY,) = K PZ) 
(3) K. MX) = K,(QY,) = K,(PZ,) 
(4) K (MX) > K, (QY,) > Ky PZ) 
25. Arrange the following solutions in decreasing order of 


[Ag*] ion: 
L 1 M[Ag(CN);]* 
II. Saturated AgCl 
II. 1 M [Ag(NH,),]® in 0.1 M NH; 
IV. Saturated AgI " 
(K_ of AgCI = 1079, K, of Ag] = 83x1 
d Ag(CN)]^ = 10?!, 
K (formation constant) [Ag( CN); 
ini š ud 
aie ^ (2) > Il È IV 
(D 1> 1> M> IV j 
5 v> HI 7 II I (4) 1> IV > UP HI 
| ANSWERS .— — — — 
a (1) 2,00) 3 (0 I » b i 
6. (3) 7, (2) 8&0 | do 
li. (4) 12. (2) B (4) s Q) 29 (0 
18. (1) : 
349... 7 i 3.0 240 7 (2) 
22. (4 


eed 
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n Application of Equilibria (K, » to 
d Thermodynamics 


Illustrations Based 
Electrochemistry an 


For galvanic cel]: 


Ag|AgCI(s), KCI(0.2 M) || KBr(0.001 M ), AgBr(s)Ag 


Calculate EMF gener 
electrode for spontan 
cell reaction at 25°C. 


ated and assign correct polarity to each 
eous process after taking into account the 


K p AgCl = 2.8 x 10-10, K p AgBr = 3.3 x 107, 
a. LHS electrode 
K p = [Ag®][Cl°] = [Ag®][0.2] 
RHS electrode K, p = (Ag®|[Br°] = [Ag®][ 10-7] 
Calculate [Ag®] for each electrode and then calculate 


electrode potential and finally the EMF. 
It is a concentration cell. 


E90 
Ag? —> Ag? 
Cathode(c) Anode(a) 
9 
E= E9 _ 0.59 lo Ag. 
[Ag L 
= 10 
Kop of [AgCl] = 2.8 x 10 
2.8x10 9 -10 
9] = ————_ =14x10 
[Ag I 0.2 
Ka [AgBr] = 3.3 x 103 
33x10. " 
$61 = ———— = 3.3 x 107 
[AB L7 aga 77 m 
-10 14 
= _ 0.059 og 1L -0.059 10g) = 
~ 33x10? -3.3 
= —0.059 x 0.6276 


= —0.037 


At 25°C, after the addition of 110 mL of 0.1 N NaCl — 
100 mL of 0.1 N AgNO, solution; the reduction potenti a 
silver electrode placed in it is 0.36 V. Calculate the A, of Ag 


(Given: EO Ag/Ag9 = -0.799 V) 


110 mL of 0.1 N NaCl + 100 mL of 0.1 N AgNO, 
| 100 > 0.1 = 10 mEq 
0.1 = 11 mEq tat q 
"aiios of AgNO, reacts with 10 mEq of NaCl to give 10 
mEq of AgCl. ] l 
mEq of NaCl left = 11- l0 = 1 mEq 
Total volume = 100 + 110 = 210 mL 
+ Concentration of NaCl ES i d 
210mL 210 
The electrode is Cl°, AgClJ Ag 
Ag® + e? — Ag 


Nor M 


+ Concentration of [CI] 


8.84 Physical Chemistry 


E? Ag? | Ag = 0.799 V 
K,, - [Ag? ][CI^] 


^ [Ag "lc 


© 
E. = 0.799 — 0.059 log [Cl] 


sp 


0.059 log Ky, 


[Cri 
0.36 = 0.799 + 0.059 log K,, — 0.59 log [CI9] 


E = 0.799 + 


0.36 = 0.799 + 0.059 log Eo — 0.059 log l 


0.059 log Sis = 0.36 — 0.799 + 0.059 log = «4.5 15 


as 210 
576 
log E^ ^00s9  ?76 

= 1.73 x 19-19 


Calculate the entropy of OH ion at 298K. Given: 


a. H,O == H® + OH (AH = 134 kcal) 
b. K, for the reaction = 10-4. 

c. S°(H®) =.0.0 

d. S- (H,O) = 16.7 cal/mol k. 


‘Sol. AG?- 2.30RT log K., 
=-2.3 x 2 x 102 x 298 log (10-14) 
= 19191.2 cal = 19.1 kcal mol! 
AH^ - AG? (13.4 -19.1) x10? 


T 298 
= —19.2 cal mol"! 


AS? = 


AS? = S*(H9) + S OH ) — $^ (HO) 
-19.2 = 0.0  Se( OH) - 16.7 
^. S°(OH) = 2.5 cal mol! K^! 


Calculate Kj for - AgCI. ¢ Given: 

A VH? Ag? = - ^25. 3 kcal mol! 

A,H? CI? = 40.0 kcal mol! 

A, = AgCI = -30.36 kcal mol! 

Se Ag?, S©C]©, and S°AgCl are 17.7, 13.2, and 23.0 cal mol". 


‘Sol. The process is represented by: 
AgCl(s) === Ag? + CIO. 
AH®= A-H°(Ag®) + A,H9(CI9) - A,H9(AgCI) 
= 25.3 + (40.0) — (-30.36) = 15.7 kcal mol !. 
AS? = S°(Ag®) + S*(CI?) - S"(AgCI) 


= 17.7 + 13.2 - 23.0 = 7.9 cal mol! 
AG? - AH? — T AS? = 15.7 x 10? — (298)(7.9) 
= 13350 cal 
AG? = —2.30RT log K. 
AG? 13350 
230RT  (2.30)(1.99)(298) 
-. K= Antilog(-9.79) = Antilog(-9 — 0.79 + | ~ 1) 


= Antilog (10.21) = 1.6 x 10-10 
The tabulated value of K,, of AgCl = 1 x 1071? 


it Solved Examples ] 


K, for or HA ishio 9 x 10. After making the necessary approximation, 
cateulate for its decimolar solution, 


a. % dissociation b. OH concentration c. pH 


[4.9 x1075) ) (C- LN 
a E 1/10 vM 


=7x104=0.07%  (K,- nus 
niodo ee 0.07% 
[H?]- C do 7 x 10 


^ pH — 4.15 
EC 


[OH] [H9] = 10-4 
[OH] - 


=< =1.43x10""° 


Nicotinic acid (K, = 1.4 x 102) is mm by the formula 
HNiC. Calculate its percent dissociation in a solution which 
contains 0.10 moles of nicotinic acid per 2.0 L of solution. 


+ NIC 
1 0 0 
l-a a a 


Also, 
C=0.1/2=5 x 10? mol L7, K = 1.4 x 102 


An aqueous solution contains 1094 ammonia mass and has 
a density of 0.99 g cm^?. Calculate hydroxyl and hydrogen io? 
concentration in this solution K, for NH,® = 5.0 x 10? M. 


Weight of NH, 
' Weight of solution 
100 g solution contains 10 gm NH, 


L9 Given 


= 10/100 


Ionic EE 8.85 


Mit = (10 x 1000) a7 x (100/0.99)] 
NA op (V — mass/density) 


iS) 
Now NH, + H,O —> NH,OH ——2 NH,? + OH 


Before dissociation 1 i 


After dissociation 


(l-a) a 


@ 
; [OH] = € 7 CY(K, / C) = J(K,C) 
[C= 5.82 M and K, = K,/K,= 10-/(5 x 19-10) = 2 x 10-5) 


(OH]= 42x10? x 5.82 21.07 x10? M 


; [H8] = 1077/1.07 x 102 = 0.9268 x 10-12 M 
; pH = -log [H?] = -log 0.9268 x 10-2 M = 12.033 


Qa 


ann vmm of KIT of 0. 0s M NH, - x aon s 
olution of pH = 11. 


SNHOH = NH, + OH 
l 0 0 
l-a a a 
Given pH = 11 
o 
[H9] - 10-!, -. [OH] = 102 = Ca 


Since, C = 0.05 
&—103/C = 103/0.05 = 2 x 102 = 294 


solution: 


a. Make the solution 0.01 M in Nal. 
b. Buffer the solution at pH 13. 
c. Make the solution 0.001 M Na. 
What will be the equilibrium silver ion concentration in each 


‘ase? Which course of action is most effective in removing 
Ag? i lons? 


K (Agl) = 8.5 x 10-17; K,,(AgOH) = 2 x 108; 
Ks (Ag,S) = 5.5 x 105! 


Bil Ags — Ag + I^; 


© 
ABS == 2Ag® + S2- 


-i7 

~ [Ag®] = LUE T M 
107 

b. PH = 13 . . [H9] = 10715; [OH] .. 107! 


-22x107 M 


—51 
€ [Ag®]= 35x10 2345x10 7M 
10? 


(c) is most effective since [Ag?] is the least in this case. 


á 


[Ag®) = 2x10 
107 


Calculate the the ratio of Bonhigte base weak acid required to 
prepare an aqueous solution of benzoic acid and sodium benzoate 


with pH of 4.5. The acid dissociation constant of benzoic acid 
is 6.5 x 105, 


BUD C,H,cooH == 


C,H,COOH® + H® 
[C,H;COOH”] 


H = pK, +lo 
pos = Pia t S6 iO HCOOH) 
C.H,COOH^ 
o [C;H;COOH 7] — pH = pk 
[C,H;COOH] a 
= 4.5 — (-log 6.5 x 10:5) 
= (4.5 — 4.187) = 0.3129 
[C;H,GCOO?] 


= Antilog (0.3129) = 2.055 = 2 
IC&H,COOH] mnie ) 


A T is saturated with mum to SrF, K,, = 7. 9 x 10 10 and 
SrCO,, K, p= NOx 10-!°. Ifthe fluoride ion contents is found 
to be di 0 x 102 M. What is the concentration of carbonate ions? 


“Sol. BS, m =— Sr” (aq) + 2F? (aq) 
hä [For 
a Ks _ 79x10? 

Srl m oxo 
This concentration of Sr?* ions should also satisfy the other 
equilibrium expression for SrCO, 
SrCO,(s) === Sr?*(aq) + CO,?-(aq) 
i [Sr?*] [C0,*] 


—4.938x107 M 


_ 7.0x10-!0 
4.938 x 107 


K 
CO47]- —I- 
[ 3 ] [Sr?'] 


—-1.4x10? 


Compare the SETETE (K n ETE 
3 = 0 38) and 
ens (K,,=2* 10" atpH=5.0 © | 


714-529 
[OH] --Antilog 9.0 = | x 10-9 M 


Fe(OH), = Fe?(aq) + 36H (aq) 


[Fe?*] [ny TK 74x 10°38 


xls 
(L8x199y5 7 4X10 


Ni?* ions can be present j 
n high concentr 
and do not precipitate, Let [NP*] be IM ation in solution 


[Fe?*] = S = 


Rs [OH]. 


=(P (+ i d lx oie 
y AMF SLE i 


Whati is the pH AER O1 YT E rm epee " PA x 
down as Co(OH),? (K; p of Co(OH), ution precipitate 


is 2.5 x 10-16 ) 
P. uu 


8.86 Physical Chemistry 
bise E Dd. RIS 


MIB Co (OH), (s) == Co? (aq) + 20H? (aq) 
[Co**] [OH]? = K = 2.5 x 10-15 


(0.01) [OH]? =2.5 x107" 


[OH] = J2.5x 107 21.58 «197 M 


pOH - og 1.58 x 107 - 6,8 
pH + pOH = 14 and pH = 14 -pOH = 14 6.8 - 72 


A buffer solution containing 0.25 mol/L of NH 4Cl and 0.05 mol/L 
of NH,OH is in equilibrium with AI? and Mg” ions. Calculate 
[A^] and [Mg] in solution. 

Given: 

K, (NH,OH) = 2.0 x 105; K LMg(OH),] = 6.0 x 10-82. 
K p (AI(OH),) = 6 x 1032 


“Sol At equilibrium, [OH] will determine the concentration of 
metal ions in solution. 


First calculate [OH] in the solution using basic buffer 


equation. 
: [Base] -s 0.05 2 
= K z2 xl) =4x10°M 
p eu A 
Note: 
It is easy to calculate [OH-] using [OH®] = K, [Base] 
" [Salt] 
[Salt 
= pK, + log ——— 
as compared to pOH = pK, + log [Base] 
Now this controls the following equilibria: 
a. Mg(OH);: K = [Mg^'] [OH] 
6.010? 
> 2:5] = —————— = 0.375 M 
7 Me" (4x10°)? 
b. Al(OH),: Kp = [AP*] [OH] 
412 
6x10" =9.37x10-M 


Ed a Me PCR 
[AI] (4x10 5) 


Determine the mass of PbL, that will dissolve in (a) 500 mL 
water (b) 500 mL of 0.10 M KI solution (c) 500 mL of a solution 
containing 1.33 g Pb(NO,),, K,, of Pbl, = 1.4 x 10"*. 


SNB Poi, — p»? + 21°, 


5 O72 = -8 
K,, = [P?*] [°P = 14 x 10 
a. Let x = [Pb**], then [I°] = 2x 
4x = 1.4 x 108; x= 1.5 x 103M 


Number of moles is 500 mL H,O 


15x10 x 500 9 75 x 10° mol 
7 1000 
Mass of Pbl, = 0.75 x 107 x 461 = 0.35 g 
b. [Pb?*] [0.1] = 1.4 x 108 
^. [Pb*?] = 1.4 x 10°M | 
Mass of PbI, is 500 ml of 0.1 KI solution 
-14x 10 ^M x 0.5 L x 461 g mol! 
= 3.2 x10“ g = 0.32 mg 
c. Molarity of Pb(NO,), 
| W,x1000 _ 1.33 x 1000 = 804x102 M 
—OMw,xVs, 331 « 500 
If the concentration of Pbl is y, then [I~] = 2y 
Ka = [Pb?*] [IPF l 
1.4 x 108 = (8.04 x 10°) (2y} 
“ y=6.6 x 107M 
Mass of PbI, in 500 mL of a solution of 1.33 g of PONO.) 
= 6.6 x 10% x 0.5 L x 461=0.15¢ 


Should a precipitate of barium fluoride be obtained when 100 mi 
of 0.25 M NaF and 100 mL of 0.015 M Ba (NO, are mixed 
K,, of BaF, = 1.7 x 10° 


m oL. BaF, VC Ba + 2F* 


K, = [Ba] | [FOP = 1.7 x 1075 


100 mL x 0.25 M - 

90] = = 0.125 i { d 
E] 200 mL Es 
[Ba?*] - 100 mL x 0.0135 M —0.0075 M 

200 mL 
Ionic product of BaF, 


IP = [Ba] [FOP = (7.5 x 10) (0.1252 = 12 x 107 
Since ionic product > Ky 
Precipitation occur 


A saturated solution of silver benzoate. AgOCOC,H, has à pH 


of 8.63, K, for benzoic acid is 6.5 x 10. Estimate E for silver 
benzoate. 


E First method: PH = 8.63, pOH = 3.37, [OH] =43x 10° 


C,H,COO" + H,O —> C,H,COOH + on 
C i Ò 


Initially 
Final CU- A) Ch Ch 
C.H 0 
K, = (Ce, COOH][OH] Ch - 4.3x10* 
[C;H,COO* ] 
= -6 , 
[C,H,CO02} _ (4.3x10~°) (4.3 x10?) ma) 
h 
K -l4 
K, =>- 10 


K, 65x10” 


g 


cubstituting the value of K, in equation (i) 


104 


,COOAg ——2 C(H,COO? + Ag? 


[C 48,0007] = 


cH 

Ko [Ag?] [C,H,COO®] = (0.12? = 1.4 x 10? 
E 

Second method: 

Use formula for the pH of salt of Sy W, 


" TOK, + pK, + logC) 


l, 


. C202 
K,7 [Ag®] [C,H,COO®] = (0.12)? = 1.4 x 107 


GEERT Ss. 


For the indicator *HIn' the ratio (Ind©)/(HIn) is 7.0 at pH of 4.3. 
What is Keq for the indicator? 


| rH = 4.3, [H9] =5.0 x 10° M 


Hin ==> H? + In? 


_ [^n^] 


eq [Hin] 
= (5.0 x 105) (7.0) = 3.5 x 104M 


Determine [OH] of a 0.050 M solution of ammonia to which 
sufficient NH,CI has been added to make the total [NH 49] equal 
to 0.1 M. 


o 
EB Nu, + 1,0 — NH? + OH 


= [NH,^][OH] | 0.) * 18x10% thus 


S (0.050) 


: [NH;] 


x- [OH] =9.0 x 10% 


Calculate solubility of AgCl in. 
b. 0.1 MAgNO, 


K of AgCl is 2.8 x 10-19? at 25°C. 
à. Pure water 
= M KCl or 0.1 M NaCl 
a. In pure water: 
Let solubility of AgCl be $ mol p" 
For AgC\(s) <== Ag®aa) + Cl^(a9) 
AT Age [CIS] 55^ S 


-5 -1 
n. S= JK) = NE 10719) 21.673 x 10 mol L 


b. In 0.1 M AgNO, 
AgCI (s) === Ag? + CI? 


Ionic Equilibrium 8.87 

AgNO, —> Ag? + NO,° Wo 

sk~ [Ag®] [C19] = (0.1 + S) (S) i 

(S <<< 0.1, presence of common ion decreases TN 
solubility) 

à ROWS 28 x 1070 5.9 —2,8 ^ 10? M. || 
c In0.1M KCI 

AgCl(s === Ag? + Cl 

S S 
KCI —> K® + CIP 
0.1 0l 

Ka = [Ag®] [C19] = (S) (S + 0.1) (S << 0.1 M) 

<. S(0.1) 2 2.8 x jo" 

S=2.8 x 10°M 

Alternative method for (b) and (c): 


Ky 23x10 


For (b) and (c), Shew = (e ~~ (0.y 
=2.8 x 10? M 


where C= conc. of the common ion added 
n = number of common ion in AgCI 


In (b) Ag® and in (c) CI? are the common ion. 


K of PbCl, is 10-3. What will be [Pb?*] in a of solution prepared 
by mixing 100 mL of 0.1 M Pb(NO,), and 1.0 mL 1 M HCl? 


Pb(NO,, + 2HCl —2o PbCl, + 2HNO; 


100 x 0.1 1x1 
mmol added =10 =1 0 0 
mmol left 9.5 0 0.5 1 
Since HCl is a limiting reagent: 
C — mmol [Pb] 9.5+0.5 
oncentration = —— —. — -.|Pb^"]-7iq 
n^ Total volume 101 


Now if PbCL, is precipitated, then contribution 0.5 M of 
[Pb?*] from PbCl, should be left. | 


To see precipitation, ionic product > K,, 
Ionic product = [Pb?*] [C10]? 
= [10/101] [1/101]? = 9.70 x 10% 
Which is greater than K p of PbCL, and thus, precipitation of 
PbCI, occurs. 


9.5 E -a 
[Pb2*] = g 10? mole litre” 


K p of PbBr, is 8 x 107. If the salt is 80% dissociated in solution, 
calculate the solubility of salt in g L-!. 


SUID Let solubility of POBr, be S mol L~! 
PbBr,(s) ——— PbBr,(aq) ==> Pb? + 2Br? 


Sx80 25x80 
100 100 


lonisation of PbBr,(s) = 80% 
Ka [Pb?*] [Br?? 


j A 


a + SO, 


—— — 
————. ð £ 
For CaSO, mem Ca 


— 
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2 
i 580) (25280) 


+ §=0.034 mol L-! (M.wt of PbBr, = 367) 
S= 0.034 x 367 g L! = 12.48 g L! 


M Na,SO, are mixed. 


Equal volumes of 0.02 M CaCl, and 0.0004 ^ 
Will a precipitate form? (A,,, for CaSO, = 2.4 x 107) 


CaCl,+ Na,SO, — CaSO, + 2NaCl 


Milli moles 0.02V — 0.0004V 0 0 
Suppose V ml of both are mixed 
0.02 V 2 
2+) = ———z210*M, 
id ES 
„~ 0.000471 _ 4 
[SQ,^1- T» cep M 


Thus, [Ca?*] [SO ? ] in solution < K 
2x 106<2.4x 10> 
CaSO, will not precipitate 


A solution containing both Zn?* and Mn” ions at a concentration 
of 0.01 M is saturated with H,S. What is pH at which MnS will 
form a ppt? Under these conditions what will be the concentration 
of Zn™ ions remaining in the solution? Given that K gp Of ZnS is 
10> and K.. of MnS is 5.6 x 1016, K, x K, of H,S=1.10 x107. 


HS The minimum [S?-] for the start of the precipitation is that 


which satisfies the Ky of MnS is in which [Mn?*] = 0.01 M 
Kp ofMnS 56x106 


x= -5.6x10 4 
[Mn] 0.01 


[S*] = 


The [HP] of the soln. having the above [S?-] can be calculated 


from the HS dissociation eq. expression. 
HEP rs?- 9?5.56x]0^ 
[HÊP [S>] [H*P»56x10* |, 
[H5S] 0.01 
-. [HF] = 4.43 x 105 and pH = 4.35 


If the [H7] is greater than 4.43 x 105 M than the [S?-] will 
be less than 5.6 x 107^ M and MnS will no longer ppt. from 
the soln. Therefore, the conc of Zn?* ion remaining in the 


soln. can be calculated form the Ko of ZnS. 


. 24 — ees 
ce png [^] | 56x10 


-]1.79x10? M 


Thus, by properly adjusting the [H9] in the soln. it is possible 
to precipitate effectively all of the Zn from the solution 


without precipitation any Mn?" ion. 


A sample of hard water contains s mol i E per d 


What is the minimum concentration of Na,SO,, which must be 


added for removing Ca?* ions from this water sample? (K. for 
CaSO, is 2.4 x 10% at 25°C) " 


0421 SO 2-] 7 K, 6 D a 
er. 2 m a just sufficient to precipitate CaSO, from 4 
et [5VA, . dis 


solution having [Ca pe i M 
The [0.005 ][a] = 244 x 107 
24x10? 


a 0.005 
[80,2 ] - 4.8 * 10 * mol L | 


alculate pH of saturated so ution o 
is 8.9 x 10-7. 


GEO Let solubility of Mg(OH), be S mol L ! 


Mg (OH), == Mg" * 2 


[Mg?*] [OHP = K,, 
45? = 8.9 x 107? +, § = 1.305 x 107M 


[OH] =2 x 1.305 x 104M 
~. pOH = 3.5832 and pH = 10.4168 


0.1 milli moles of CdSO, are present in 10 ml acid solution of 
0.08 N HCI. Now HS is passed to precipitate all the Cd*~ ions. 
What would be the pH of solution after filtering off precipitate. 
boiling of H,S and making the solution 100 ml by adding H,S? 


mmol added 


CdSO, + HCl + HS —> CdS + H,SO, 
=> 0.1 100.08 
mmol after reaction=> 0 = 0.8 0.1 0.1 
mmoles of H® = [From HCl] + [From H,SO,] 
708540. *2=10 
Total volume = 100 mL 
-. [H9] = 1/100 = 102 M .. pH =2 


The solubility of Mg(OH), 


; is increased by the additi f NH 
ion. Calculate y tho additions " 


à. Kc for the reaction: 


® 
Mg(OH), + 2NH, == 2NH, +2H,O + Mg? 
Kp of Mg(OH), = 6 x 10-2 
b. Find the solubility of M 
M NH,CI be 


, K, of NH, = 1.8 x 105. 


&(OH), in a solution containing 0.5 
fore addition of Mg(OH),. 


ED. ISLE [Mg] [NH,OHP [Mg] 
D 


p m 
[NH,] NHF 


Also, 


® ! 
NH,OH == NH, « OH 
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e © 
[NH4] [OH] i 
Kp = [NH,OH] uH) 


y z2 = 2+ 5 2 - 
K,* Ky = [Mg" ] [OHT = K of Mg (OH), 


Kop 6x10"? 
K = 


= —P =———____ =].85x 192 
CUP qaxp3y 10 


Let a mol L'' of Mg(OH), be dissolved in presence of 
0.5 M NH,CI 


Mg(OH), + 2NH,9 == 2NH, + 2H,O + Mg” 


Moles before reaction => 0.5 i * ) 


voles after reaction => (0.5 — 0.2a) 2a o " 
, 9X (2ay 
K= (0.5 - 2a)? 
NU E. NR " 
185x107 = (0.5 — 2a)? ...(iii) 
Solving cubic equation, 


a 7^ 0.081 M 


Note: If cubic equation is not solved, then neglecting 2a in 
comparison to 0.5, then ‘a’ becomes equal to 0.1049 M. 


of StF, = 2.8 x 10°? at 25°C. How much NaF should be added 
to 100 mL of solution having 0.016 M in Sr^* ions to reduce its 
concentration to 2.5 x 10? M? 


BB Initial [Sr] = 16 x 102 M 
Left [S?*] = 16 x 102 M 
[Sr2*] ppted = (16 — 2.5) x 102 = 13.5 x 10° M 
[F°] needed for this precipitation 


= 2x 13.5 x 103 M 227.0 x 10? M 
(because Sr?* + 2F^ —> SrE,) 


Also [Sr2*] [FOP = K,,, =28 x 10? 


SIF, 


(Fo? = 2.8 x UM 
2.5x10- m 
^. [F2] 2 1.058 x 10? M, i.e., the concentration of F^ which 
will also appear in solution state. 
Thus, [F?] needed = [27.0 + 1.058] * 103M 
= 28.058 x 100 M 

-. NaF needed for 1 L = 28.058 x 10? x42 g 
-. NaF needed for 100 mL 

28.058 x10 x 42 : 

7 10 


= 0.1178 g 


Calculate the degree of hydrolysis and pH of 0.2 M solution of 
(Cl Given K, for NH,OH is 1.8 x 1077. 


So) NH,CI + H,O === NH,OH + HCI 
Before hydrolysis l 0 0 
After hydrolysis l-h h h 


where h is the degree of hydrolysis. 
h= 4(K,/C) =(K,/K,C) 


= fo ^y.8x105 x02) 7527 x 107 


From HCI, a strong acid 


+ [H9] = Ch = CY(K,/C) = (GC) 


= (Ky CI Ep) 


-14 
_ H0 x02 1054x107 
1.8x10> 


^. pH = -log [H®] = -log (1.054 x 103) = 4.9771 


Calculate for 0.01 N solution of sodium acetate, 
a. Hydrolysis constant b. Degree of hydrolysis 
Given K, = 1.9 x 10° 


SALUS 
e ue 
Putat t "A 


c. pH 


SGN for 


CH,COONa + H,O === CH,COOH + NaOH 


Before | hydrolysis l 0 0 
After hydrolysis l-h h h 
-14 
e eT -I --526x107^ 
h^ K, 19x10 


| -10 
b. h= K, _ 526x10 25294102 
V C 0.01 


© 
c. [OH] from NaOH, a strong alkali = Ch 
—0.01 x 2.29 x 10% 2229 x 10°M 
pOH - 5.64 and pH - 8.36 


Calcium lactate is salt of weak acid and represented as Ca(LaC).,. 
A saturated solution of Ca(LaC), contains 0.13 mol of salt in 
0.50 L solution, The pOH of this is 5.60. Assuming complete 
dissociation of salt, calculate K a Of lactic acid. 


BSG Ca(LaO, + 2H,O=—Ca(OH), + 2HLaC 


or 2LaC" + 2H,0 ==> OH + 2HLaC 
Before | hydrolysis > 1 0 0 
After hydrolysis > 1—4 h h 


^. [Ca(LaC),] = 0.13/0.5 = 0.26 M 
-. [LaC9] = 0.26 x 22 0.52 M 


[because | mole Ca(LaC), gives 2 mole (LaC?)] 


(©) B TOS K, 
Now [OH] = C = [5- fa - Esc 


where C is concentration 


hydrolysis. of anion which undergoes 


|. 4B — 
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-14 
«10-560 = peres) K, -825x10* 


K 


Second Method 
Use direct formula for the pH of salt of W,,/Sp. 


pH = + Ky + pK, + log C) 
(concentration of salt = 2 x 0.26 M) 


8.4 = ;(4 + pK, + log 2x 0.26) 


Solve for pK,, ~. K, = 8.25 x 104 


The vapour pressure of 0.01 molal solution of weak base BOH 
in water at 20°C is 17.536 mm. Calculate K, for base. Aqueous 


tension at 20°C is 17.540 mm. Assume molatlity and molarity 
same. 


BU We have from Raoult’s law 


0 
-b 17.54 -17. 
P =y = 2511336. 000972 
p 17.54 
x x1000 0.00022 x 1000 a 
= 2 EL 21.261 x10 
xıx Mw, 0,999 x18 , 


Molality = Concentration of [BOH] = 1.267 x 102 


For BOH == B® + On 
l 0 0 
(1 - a) a 


a 
Molality is also given as 1 x 102. 


Exp. value of molality 
X. Normal value of molality — =e 
1.267 x 107 
T +- $ = 
ko Ite  5a-0267 


Now 


. Co? _ 0.010.267 x 0.267 
^  (1— o) (1— 0.267) 


-974x10^ 


Calculate the pH of 0.1 M K4PO, soln. The third dissociation 
constant of orthophosphoric acid is 1.3 x 107??, Assume that the 
hydrolysis proceeds only in the first step. 


(Sol. First method: 


Use direct formula for the pH of salt of S,/W, 
l 
me- (pK, + pK, + log C) 


= 5 (14+ 11,86-1)= 12.43 


Second method: 

K,PO, + H,O ——— K,HPO, + KOH 
o 

or PO." + H,O m HPO,” + OH 


Since hydrolysis proceeds only in I step. 


© Kø |. Kye 
-. [0H] = Ch = c) z K, ) 


K, is III dissociation constant of acid H;PO, 
H,PO ==> H® *ELPO, Tm K 
HPO, —— H®+ Hro Lo K, 

Hro —— HS + PO; KE 1.5% 19-12 


1/2 
C -]4 E 
one [7281 =8.7x107 M 


13%10-" 
^. pOH = 1.5634; pH = 12.4366 


E ps ite Y ea Br T : | am Ud oye Wor 


Using CO,, NH,. NH 4NO,. and K,CrO, as the only reagents, 
devise a qualitative analysis scheme for separating and 
identifying the following ions, which might all be present in the 
same mixture: Ba^, Ca**, Mg?*, Na®, Pb?*. Assume that each 
cation present is 0.10 M. State the conditions of pH and the 
reagent concentrations which are required in each step. 


Ba* : . 
~ 2 | Ba* Ba”! 
Ca‘ Ca? Ca" | co BaCO, (s) 
2) a. | a g “ 
Me tf NH. 8/62 N — 4 CaCO, (s) 
a | NH, + NH; | Mg" |NH, |Na® | NH, 
Na” | 
2 | Na® Mg(OH), (s) 
Pb Pb(OH), (s) 
BaCO, | 
Cato. ~ acidify oo EREMO) 
l Ca*" (aq) 


The Pb? ion is identified by acidification followed by 
treatment with chromate ion, upon which it forms a yellow 


solid precipitate The Na® is identified by the intense yellow 
flame it yields. 


P mi v7. 56 TIN DARE PET ae aT SOM 
CEASE LAP. ei HP ds TARY 
nie Pa) ^Y £y: bm d 
Air I f un "p 


Assuming that the only source of periodic group IIA metals is 
an equimolar mixture of NaCl, BaCl, and MgCL, suggest ways 
of preparing pure samples of 


a. MgSO, b. Ba Metal c. Ba(C,H,0,), 


EUS One possible method is given for each part (a) Add NaOH, 
precipitating Mg(OH),. The Na? and Ba2* remain in solution. 


After filtering the Mg(OH),, add H,SO, to it, yielding 
MgSO, in solution. Evaporate most of the water, causing 
MgSO, to crystallise. 


(b) Add Na,CO, to the solution, remaining from part (a). 
precipitating BaCO,. Add HCI. 


BaCO, + 2HCl—>» BaCl, + H,0 + CO, 
Evaporate, melt the solid BaCL, and electrolyse. 


(c) To BaCO, obtained in part (b), add HC,H,0,, and 
evaporate. 


2CH,COOH + BaCO, —> (CH,COO),Ba + H,O + CO, 


— 


i 5 E 
Ohr; 


en à solution of Zn?* was added to a solution of NaOH, a 
solution was obtained. When NH,CI was added to the 
i solution, Zn(OH),, precipitated. Using balanced chemical 
d explain these observations. 


zy) + 40H = Zn(OH),"- (aq) 
Zn(OH), + 2NH,9 = Zn(OH)*(s) + 2NH, + 2H,O 


The acid NH,’ reacts with Zn(OH) to cause Zn(OH), to 
precipitate. 


y NaOH, HCl, a 
ed to separated the ions in each of the following mixtures? 


, Cu and Zn? b. Cu2* and AB*+ c. Zn?* and AI* 


NaOH in excess [precipitates Cu(OH), but forms soluble 
Zn(OH), ] or H,S in HCI (precipitates CuS but not Zns) 
NH, [forming Al(OH),(s) and Cu(NH,),?* (aq)], NaOH 
excess [forms Al(OH),° (aq) and Cu(OH),(s), or 
H,S + HCI [forms CuS but does not react with Al*) 

NH, [forms Al(OH),(s) and Zn(NH,),?*(aq)] 


LANE 


M 
xt, 
i 


e 


= 


nf BRP NY 
LX, 


5sstimate the K of AgBr. Given A,H™ of Ag®, Br®, and AgBr 
ire 25.31, — 28.9, and — 23.8 kcal; AS? of Ag®, Br?, and AgBr 
are 17.7, 19.3, and — 25.6 cal/K. 


Sole AgBr(s) —— Ag? + Bre 


To determine K sp One can calculate AG® from AH? and S9 
data. 


AH? = A,H*(Ag9) + A -H°(Br°) — A,H° (AgBr) 
= (25.31 kcal) + (— 28.9 kcal) — (-23.8 kcal) 
= 20.2 kcal 

AS? = S°(Ag®) + SO(Br®) — SP(AgBr) 
= (17.7 cal K-!) + (19.3 cal K7’) — (25.6 cal K^!) 
= 114 cal K! | 

AG° — AH? — T AS© = (20200 cal) — (298 K) (11.4cal K~!) 
= 16800 cal 

AG* = (-2.30RT) (log K..) 

log K — AG? — 16800 cal 


* 230RT (2.30) (1.99 cal K^) (298 K) 
K-48 x 19-13 


When 40 mL of a 0.1 MN weak base, BOH is titrated with 0.10 
M HCI, the pH of the solution at the end point is 5.5. What will 


be the PH if 10 mL of 0.10 M NaOH is added to the resulting 
Solution? 


Sol) At the end point, pH = 5.5 (i.e. an acidic solution). 


7 NN 


=> pH-14- pOH - 922 


What mass of Pb2* ion is left in solution, when 50.0 of 0.20 
M Pb(NO,), is added to 50.0 mL of 1.5 M NaCI? 


pe 


Ionic Equilibrium 8.91 
It means salt formed at the end of neutralisation undergoes 
hydrolysis. 


For 4 mmol (40 x 0.1), of weak base, 4 mmol of acid is 
required at the end point. 
BOH + HC] —— BCI + H,O 

4 4 = 

E - 4 
= mmol of salt (BCI) formed = 4 
=> [BCI] = 4/V where V = Vaci + Vease 
At the end point: 4 = 0.10 x Vici 
=> VQ4c,740mL 
=> V=40+40=80 mL 
= [BCI] = 4/80 = 0.05 M 


Note that BCI is a salt of strong acid and weak base. 


KC 
=> [H®]= 3 (pH = 5.5, -. [H9] = 3.2 x 10% M) 
b 


K,C _ (107'*)x (0.05) 
HPF (3.2x10°) 
When 10 mL of 0.12 M NaOH is added: 

BCI + NaOH —— BOH + NaCl 


E -5 
> K,= 5.0x10 


Initially 4 mmol 10 x 0.10 
Finally 4- 100.10 
4-1 — 3.0 — 1.0 


It means a basic buffer containing 3.0 mmol of BCI and 
1.0 mmol of BOH is formed. Find the pH by using 
Henderson's equation for basic buffer. 

[BCI] 

[BOH] 


pOH = pK, + log 


[3.0/ V] 


= pOH- -log (5x10) +lo 
p g( ) 8 L0/V| 


=> pOH= 4.77 


ol.) Assume complete precipitation of the Pb2* followed by 


solution of the equilibrium concentration to be determined. 
(50.0 mL) (0.20 M) = 10 mmol Pb?* 
(50.0 mL) (1.5 M) = 75 mmol CI 


Pb?* + 2C]. === PCI, 


When lead ion cóncentration 
Cl?containing (75 mmol) - ( 
100 mL? [CI?] = 0.55 M 


PbCl, == Pb? + ocje 
Ky, [Pb?*] [Clo = 1.7 x 19-4 


can exist in a solution of 
20 mmol) = 55 mmol in 


[Pb2*] = 17x10 
(0.55)? 


5, x 
(5.6 x 10-4 mol [-1 (0.100 L) (208 g mol- 


—5.6x10* M 


')= 12 mg 


10. 


11. 


. If the equilibrium constant of BOH 


100 mL of a buffer solution contains 0.1 M each of 
weak acid HA and salt NaA. How many gram of NaOH 
should be added to the buffer so that it pH will be 6? 
(K of HA= 1055). 


(1) 0.328 (2)0458 (3) 4.19 (4) None 


: K, for the reaction; 


Fe**(aq) + H,O(/) == Fe(OH)**(aq) + H,O®(aq) 

is 6.5 x 102, what is the maximum pH value which could 
be used so that at least 80% of the total iron (III) in a dilute 
solution exists as Fe?*? 

(1) 2.0 (2)-2.4 (3)~2.8 (4) ~ 1.6 

The pK, of CN" is 4.7. The pH of solution prepared by 
mixing 2.5 mol of KCN of 2.5 mol of HCN in water and 
making the total volume upto 500 mL is 

(0103  (2)93 (3) 8.3 (4) 4.7 

A 0.1 molar solution of weak base BOH is 1% dissociated. If 
0.2 mol of BCI is added in 1 L solution of BOH. The degree 
of dissociation of BOH will become 


(1)0.02 (2)0.005 (3)5x10? (4)2x10? 


——— 
AI 


B? 4 OH 
at 25°C is 2.5 x 10%, then equilibrium constant for 
BOH + H? == B® + HLO at the same temperature is 
(1)4 0 x 10° (b) 4.0 x 10? 


(3) 2.5 x 108 (4) 2.5 x 10% 


. An aqueous solution of metal chloride MCI, (0.05 M) is 


saturated with H,S (0.1 M). The minimum pH at which 
metal sulphide will be precipitated is 

[K., MS = 5 x 10?!, K, (EDS) = 107, K,(HLS) = 10714. 
(1325  (2)2.30 (3) 1.50 (4) 1.25 


. The pH of a solution of weak base at neutralisation with 


strong acid is 8. K, for the base is 
(1) 1.0 x 10^ (2) L0 x 10-9 
(3) 1.0 x 10% (4) None of these 


. The ionisation constant of an acid base indicator (a weak 


acid) is 1.0 x 10%. The ionised form of the indicator is red 
and unionised form is blue. The pH change required to alter 
the colour of indicator from 80% red is 


(1)0.80 (2)1.20 (3) 1.40 (4) 2.00 


. K p of Mg(OH), is 4.0 x 10 ^. At what minimum pH, Mg?* 


ions starts precipitating 0.01 MgCl 

(1)2 *log 2 (2) 2 - log 2 

(3) 12 + log 2 (4) 12 - log 2 

A solution of 0.1 M NaZ has pH = 8.90. The K_ of HZ is 
(1) 6.3 x 107! (2) 6.3 x 1019 

(3) 1.6 x 10? (4) 1.6 x 10% 

Phenolphthalein does not act as an indicator for the titration 
between 

(1) HCI and NH,OH 
(3) NaOH and H,SO, 


(2) Ca(OH), and HCI 
(4) KOH and CH,COOH 


| Exercises 


a zuberse |. ———— — —— lj 


| Single Correct Answer Type Ili 
1. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19, 


The pink colour of phenolphthalein in alkaline Medium . 
due to Mis 


(1) OH ions (2) Positive ion 
(3) Negative ion (4) Neutral form 
Methyl orange gives red colour in 

(1) KOH solution (2) HCI solution 
(3) Na,CO, solution (4) NaCl solution 


A solution containing NH,CI and NH,OH has [OH] - 
10-5 mol L- !, which of the following hydroxides Would be 
precipitated when this solution in added in equal Volume t; 
a solution containing 0.1 M of metal ions? 

(1) Mg(OH),, (Kp = 3 x 107 

(2) Fe(OH), (Kp = 8 x 10716) 

(3) Cd(OH), (K,, = 8 x 10 6) 

(4) AgOH (Ky = 5* 10°) 

If equal volumes of BaCl, and NaF solutions are mixed 
which of these combination will not give a precipitate? (K_ 
of BaF, = 1.7 x 1077). i 
(1) 10? BaCl, and 2 x 10? M NaF 

(2) 10? M BaCl, and 1.5 x 10? M NaF 

(3) 1.5 x 10? M BaCl, and 10? M NaF 

(4) 2 x 10? M BaCl, and 2 x 10? M NaF 

The solubility of solid silver chromate, Ag,CrO, is 
determined in three solvents Bi of Ag,CrO, = 9 x 107 

I. pure water II. 0.1 M AgNO, 

III. 0.1 M Na,CrO, 


Predict the relative solubility of Ag,CrO, in the three 
solvents. 


(DI-II- II (2)I € II « Ill 
(3)I - III «I (4)IL € HI «I 
The solubility products of AI(OH), and Zn(OH), 37 
q8.5x107?* and 1.8 x 10-4, respectively. If NH,O# 5 


.- = 3+ cans thel 
added to a solution containing AP* and Zn” 1005. th 
substance precipitated first is 


(1) AKOH), (2) Zn(OH), 
(3) Both (1) and (2) (4) None of these Ti 
If Kp (PbSO,) = 1.8 x 10™® and K, (HSO, `) = 22d 


the equilibrium constant for the reaction. | 
PbSO,(s) * H®(aq) —— HSO, (aq) + Pb^*(aq) 5 
(1) 1.8 x 1076 (2) 1.8 x 10-1? 
(3) 2.8 x 19-0 (4) 1.0 x 107 


Which one of the following is true for any dip 
H,X? 


(DK, > Ka, 


rotic acid 


(2) K,, > K,, 


l 
3) K, = x 
(3) Ka, x (4) K, = Ka 


a 


p» 


ji 


12. 


23. 


24. 


25. 


26. 


2T: 


28. 


29. 


30. 


A of Mg(OH), is I * 10-!2, 0.01 M MgCl, will be 
‘ecipitating at the limiting pH: 
(1)8 (2)9 (3) 10 (4) 12 
the solubility products of MA, MB, MC, and MD are 
gx 1075,45 103. 4 x 10-8 and 6 x 105 respectively. If 
4 0.01 M solution of MX is added dropwise to a mixture 
containing A9, B®, C?, and D^ ions, then the one to be 
precipitated first will be 
(1) MA (2) MB (3) MC (4) MD 
a solution is saturated with respect to SrCO, and SrF,. The 
co] was found to be 1.2 x 10? M. The concentration 
of F? in the solution would be 
Given K,, of SrCO, = 7.0 x 10-19 M?, 
is of SrF, = 7.9 x 1071? MB, 
(525 10° M (2) 2.6 x 107M 
(3)3. ^ 107M (4) 5.8 x 107 M 
The number of s2- ions present in 1 L of 0.1 M H,S 
= 10?! ] solution having [H9] = 0.1 M is: 
(1) 6.023 * 10° (2) 6.023 x 104 
(3) 6.023 x 10° (4) 6.023 x 10° 
The solubility of AgI in Nal solutions is less than that in 
pure water because: 
(1) AgI forms complex with Nal 
(2) Of common ion effect 
(3) Solubility product of Agl is less than that of Nal. 
(4) The temperature of the solution decreases. 
Three sparingly soluble salts M5X, MX, and MX, have the 
same solubility product. Their solubilities will be in the order 
(1) MX, > MX 7 MyX (2) MX, > MoX > MX 
(3) MX > MX,7 MyX (4) MX > M,X > MX, 
When 0.2 M solution of acetic acid is neutralised with 
0.2 M NaOH in 500 mL of water, the pH of the resulting 
solution will be: [pK, of acetic acid = 4.74] 
(1) 12.67 (2) 7.87 (3) 8.87 (4) 7 
A weak acid HX has the dissociation constant | * 10? M. 
It forms a salt NaX on reaction with alkali. The percentage 
hydrolysis of 0.1 M solutions of NaX is 
(1) 0.0001% (2) 0.01% 
(3) 0.196 (4) 0.15% 
A certain buffer solution contains equal concentration of 
X^ and HX. The K, for X? is 10-10. The pH of the buffer 
is 
(4 (2)7 (3) 10 (4) 14 
A certain weak acid has a dissociation constant of 
1.0 x 10%. The equilibrium constant for its reaction with 
a strong base is 
(1) 1.0 x 10 (2) 1.0 x 107° 
(3) 1.0 x 10" (4) 1.0 x 10^ 
Auto-ionisation of liquid NH, is 
2NH, == NH,?* NH,” 
with Kya = INH49] [NH,°] = 10° at 50°C 
Number of amide ions (NH,°), present per mm? of pure 
liquied NH, is 


[K n, 


m 
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34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


(1) 602 (2) 301 (3) 200 
A mixture of weak acid is 0.1 M in H 
1074) and 0.1 M in HOCN (K,7 3. 


IS 
(1) 7.0 x 10° M (2) 4.1 * 104M 
(3) 0.20 M (4) 4.1 * 107M 


pH of a solution made by mixing 50 mL of 0.2 M NH,Cl 
and 75 mL of 0.1 M NaOH is [pK, of NH,(aq) = 4.74. 
log 3 = 0.47] 
(0702 (2) 13.0 (3) 7.02 (4) 9.73 

Some chemists at ISRO wished to prepare a saturated 
solution of a silver compound and they wanted it to have 
the highest concentration of silver ion possible. which of 
the following compounds would they use? 

Kip (AgCI) = 1.8 * 10-19. K (^gBr) 250x105, 

0-!2 [Use 30.6 = 0.84] 


(3) Ag,CrO, (4) all of these 
0 x 105. The acid form 


form is blue. Then 


Ky (Ag,CrO,) =2.4~x1 
(1) AgCl (2) AgBr 
An acid-base indicator has a E 3. 
of the indicator is red and the basic 
(1) pH is 4.05 when indicator is 75% red. 
(2) pH is 5.00 when indicator is 75% blue. 
(3) Both (a) and (b) are correct. 


(4) None of these. 
The pH value of 0.001 M aqueous solution of NaCl is 


(1)7 (2)4 
(3) 11 (4) Unpredictable 
Which of the following will suppress the ionisation of acetic 


acid in aqueous solution? 

(1) NaCl (2) HCl 

(3) KCl (4) Unpredictable 

An aqueous solution of HCl is 10? M HCI. The pH of the 


solution should be 


(1)9 (2) Between 6 and 7 

(337 (4) Unpredictable 

Which of the following represents the conjugate pair of 
NH,? 

(1) NH,° (2) NH ^ 

(3) Both (1) and (2) (4) N°- 

One of the following is a Bronsted acid but not a Bronsted 
base: 


(0H, (2) H,O (3) HCO,° (4) NH, 


In the third group of qualitative analysis, the precipitating 


reagent is NH,CI/NH,OH. The function of NH,Cl is to 

(1) Increase the ionisation of NH,OH. 

(2) Suppress the ionisation of NH,OH. 

(3) Convert the ions of group third into their respective 
chlorides. 

(4) Stabilise the hydroxides of group III cations. 

At a certain temperature the value of pK, is 13.4 and the 

measured pH of soln is 7. The solution B 

(1) Acidic (2) Basic 

(3) Neutral (4) Unpredictable 


42. 


43. 


w 


44. 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


53. 


54. 


Physical Chemistry 

When 2 mol of HCI is added to 

pH changes from 3.4 to 2.9. The buffer capac! 

solution is 
3) 4 (4)8 

(1)2 (2) 0 ( | | 

Let the solubilities of AgC | in H,O, and in 0.01 M S 

0.01 M NaCl, and 0.05 M AgNO, be S, 55 » 4 

respectively. What is the correct relationship between these 

quantities. 

(1) S,>S,>5,;>5, (DÀ > S, = 5S, > S4 

(3) S, > S, > S, > 3, (4) S, > 5, > 5,75; 7 

Which of the following salts will not undergo hydrolysis in 


1 L of an acidic buffer, its 
ty of the buffer 


water? 
(1) Sodium sulphate (2) Ammonium sulphate 
(3) Aluminium sulphate (4) All the salts will hydrolyse 


. Which of the following salts will not change the pH of pure 


water on dissociation? 

(1)KC] (AICI, (3)Na,CO, (4) Al, (SO 

A salt X is dissolved in water having pH = 7. The resulting 

solution has a pH more than 7. The salt is made by 

neutralisation of 

(1) A strong acid and strong base 

(2) A strong acid and strong weak base 

(3) A weak acid and weak base 

(4) A weak acid and strong base 

The pH of a solution 7.00. To this solution, sufficient base 

is added to increase the pH to 12.0. The increase in OH 

ion concentration is 

(1) 5 times (2) 1000 times 

(3) 10° times (4) 4 times 

Assuming H,SO, to be completely ionised the pH of a 0.05 

M aqueous solution of sulphuric acid is approximately 

(1)0.01 (2)0.005  (3)2 (4) 1 

A solution has pOH equal to 13 at 298 K. The solution will 

be 

(1) Highly acidic (2) Highly basic 

(3) Moderately basic (4) Unpredictable 

If ammonia is added to pure water, the concentration of a 

chemical species already present will decrease. The species 

is 

(1)O,° (2)OH = (3)H,O® ~— (4) HO 

The pH of a dilute solution of acetic acid was found to be 
4.3. The addition of a small crystal of sodium acetate will 
cause pH to 

(1) Become less than 4.3 (2) Become more than 4.3 

(3) Remain equal to 4.3 (4) Unpredictable 

Which of the following can act both as a Bronsted acid and 
a Bronsted base? 

(1)0,°  Q)HCI (3)HSO,°  (4)Na,CO, 
Which of the following is a Lewis base? 
(1)H,O (2) CI? (3) BF, (4) NH, 
Which of the following is not a Lewis base? 
(1) CN? (2 ROH (3) NH, (4) AICI, 


55. Conjugate base of OH is 


(1) H,O (2) H,0° (3) H® - (4) O} 
56. Which of the following will have the largest pH? 

(1) M/10 HCI (2) M/100 HCI 

(3) M/10 NaOH (4) M/100 NaOH 


llowing will have the largest pH? 


ich one of fo 
57. Which o 107? mol of K,SO, L!. 


(1) Solution containing 1 * 
(2) Pure water. - -2 mol | 
(3) Solution containing 1.0 x » mol of HCI L~! 
(4) Solution containing 1 * 107 mol of NH,OH L 71. 
58. When 20 mL of M/20 NaOH is added to 10 mL of M/10 
HCI, the resulting solution will 
(1) Turn blue litmus red. | 
(2) Turn phenolpthalein solution pink. 
(3) Turns methyl orange red. 
(4) Will have no effect on either red or blue litmus, 
59. pOH of water is 7.0 at 298 K. If water is heated to 350 x. 
which of the following should be true? 
(1) pOH will decrease 
(2) pOH will increase 
(3) pOH will remain seven 
(4) Concentration of H® ions will increase but that of OH 
will decrease. 

60. Solubility of salt A,B, is | x 10+, its solubility product is 

(1) 1.08 x 107° (2) 1.08 x 1018 
(3) 2.6 x 10718 (4) 1.08 x 10715 

61. The value of K,, is HgCl, at room temperature is 
4.0 x 10-5. The concentration of CI* ion in its aqueous 
solution at saturation point is 
(1) 1 x 10-5(2)2 x 10° (3)2 x 105 (4)8 x10" 

62. At 90° C, pure water has [H,O?] = 10 9" mol L-!. What s 
the value of K, at 90? C? 

(1) 10-6 (2) 10-2 (3) 10-134 (4) 1077 

63. What is the solubility of PbSO , in 0.01 M Na SO, solution 
if K,, for PbSO, = 1.25 x 10°? i 
(1) 1.25 x 1077 mol L~! (2) 1.25 x 10? mol L” 

(3) 1.25 x 1079 mol L7! (4) 0.10 mol L~! 

64. The pH of an aqueous solution of Ba(OH), is 10. If the Ky 
of Ba(OH), is 1 x 105, then the concentration of Ba 10 
in the solution in mol L~! is 
(1) 1 x 10?(2) 1 x 10-4 (31x10. (41X 10° 

65. How many grams of NaOH must be dissolved in 1 L 
the solution to give it a pH value of 12? 


| 0 [ 


(1) 0.20 gL"! (2) 0.40 g L7! 
(3) 0.10 g L^! (4) L.2g L^! 
66. Which of the followi ions sd 
1e following solutions will have pH 
298 K? 


(1) 1 x 10? M HCI solution 

(2) 1 x 104 M NaOH solution 

(3) 1 x 107? M NaOH solution 

(4) Both (1) and (2) he 
67. Anacid HA is 40% dissociated in an aqueous solution: i be 

hydronium ion concentration of its 0.2 M solution won 


(1) 0.08 M (2)0.4M 


(3) 0.2 M (4) None 
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75. 


76. 


717. 


78. 


79. 


0l. 


of x M solution of HCI is exactly neutralised by 
0.05 M NaOH solution, the pH of HCI solution is 
(1) 1.0 (2)2 (3) 1.5 (4) 2.5 

A monoprotic acid (HA) is 1% ionised in its aqueous solution 
of 0.1 M strength. Its pOH will be 

(yl (2)3 (3) 10 (4) 2 

The pH ofa solution is 5 00. To this solution, sufficient acid 
is added to lower the pH to 2.00. The corresponding increase 
H,O*? ion concentration is 

(2) 2.5 times 


20 cm? 
40 cm? of 


in 
(1) 1000 times 
8) 100 times (4) 5 times 

what would be the solubility of silver chloride in 0.10 M 
NaCl solution? 

Ks for AgCI = 1.20 x 10-9 
(0.1 M (2) 1.2 x 10% M 

(3) 1.2 * 10° M (4) 1.2 x 107? M 

Which of the following metal sulphides has maximum 
solubility in water? 

(1) CdS E 36 x 1029) 

(2) FeS Ea 21079) 

(3) HgS (K,, = 49 10:95) 

(4) ZnS (K,, = 11* 10”) 


. M.SO, MÊ is a monovalent metal ion) has a K,, of 


32 x 10-5 at 298 K. The maximum concentration of SO a 
ion that could be attained in a saturated solution of this 
solid at 298 K is 
(1) 3 x 10° M 
(3) 2.89 x 107M 


(2)7 x 10? M 
(4)2 x 10? M 


. K, for lead iodate [Pb(IO,),] is 3.2 * 10-14 at a given 


temperature. The solubility in mol L™ will be 

(1) 2.0 x 107 (2) (5.2 x i0 ^y 

(3) (3.8 x 1077) (4) 4.0 x 10° 

The pH ofa0.1 M solution of NH,OH (having dissociation 
constant K, = 1.0 x 1075) is equal to 

(1)10 — (2) 6 (3) 11 (4) 12 

The best indicator for the detection of the end point in the 
titration of a weak acid and a strong base is 

(1) Methyl orange (pH range 3 to 4) 

(2) Methyl red (pH range 4 to 6) 

(3) Thymol blue (pH range 8 to 3) 

(4) Phenolphthalein (pH range 8 to 10) 

When solid KC] is added to a saturated solution of AgCI! in 
H,O, 

(1) Nothing happens. 

(2) Solubility of AgC] decreases. 

(3) Solubility of AgC! increases. 

(4) Solubility product of AgC | increases. 

Two buffer solutions, A and B, each made with acetic acid 
and sodium acetate differ in their pH by one unit, A has salt 
: acid = x : y, B has salt : acid = Y : X. If x 7 y, then the value 
ofx: yis 

(1) 10,000 (2)3.17 (3) 6.61 (4) 2.10 

CaCO, and BaCO, have solubility product values 
| x 10-8 and 5 x 10°, respectively. If water is shaken up 
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Ionic Equilibrium 8.95 
ation 


with both solids till equilibrium is reached, the concentr 


of CO,” ion is 
(1) 1.5 x 10% 

(3)2,25% 10" 
The pH of an acid buffer can be raisi 
(1) Increasing the concentration of b 


(2)1.225€ 19 i 


(4)Nonc of these 
| by 2 units by 
h weak acid and salt 


by two moles 

(2) Increasing the concentr 
10 times. 

(3) Diluting the solution by 10 times. 


(4) Increasing the concentration of tne salt by 10 times and 
acid by 10 times. 


ation of both the acid and salt by 


decreasing concentration of the 
Buffer solutions can be prepared from mixtures of 
(1) HCl and NaCl (2) NaH,PO, and Na, HPO, 
(3).CH,COOH + NaCl (4) NH,OH + NH, 
20 mL of M/10 CH,COOH solution is titrated with M/10 
NaOH solution. After addition of 16 mL solution of NaOH. 
What is the pH of the solution (pK, = 4.74) 
(1) 5.05 (2) 4.15 (3) 4.75 (4) 5.35 
The K, values of CaCO, and CaC,O, in water are 
4.7 x 10? and 1.3 x 10°”, respectively, at 25°C. If a mixture 
of two is washed with H,O, what is Ca? ion concentration 
in water? 
(1) 7.746 x 10? (2) 5.831 x 10^ 
(3) 6.856 x 10° (4) 3.606 x 10^ 
What are the units in which the solubility product of 
Ca,(PO4); is expressed? 
(1) mol dm? (2) moP dm ? 
(3) moP dm? (4) mob dm" 
The pH of 10° M HC! solution if 1 ml of it is diluted to 
1000 ml is: 


(1) 5 (2)8 (3) 7.02 (4) 6.98 
Which of the following when mixed, will give 2 solution 
with pH > 7. 


(1) 0.1 M HCI + 0.2 M NaCl 

(2) 100 mL of 0.2 M H,SO, + 100 mL of 0.3 M NaOH 

(3) 100 mL of 0.1 M HC,H,O, + 100 mL of 0.1 M KOH 
(4) 25 mL of 0.1 M HNO, +25 mL of 0.1 M NH, 

A solution of CaF, is found to contain + * 107 M of 
F^ ions. K,, of CaF, is 

(732 * 10" (2) 0.8 x 10! 

(3) 6.4 x 10"! (4) 32 x 10 

At what pH will a 10? M solution of indicator with 
K, = 10 !° changes colour? 

(1) 10 (2) 4.0 (3)3 (4)7 

If the dissociation constant of NH,OH is L8 x 10>, the 


concentration of OH tons, in mol L of 0.1 M NH is 
(1) 1.8 10° (2) 1.34 x 10° ee 
(3) 4.20 x 107 (4) 5.0 x 107 
pH signifies: 
(1)Puissance de hydrogen 
(2) - log [HÊ] 
n poH. | (4) All of these 

solution with pH = 2 is more acidi | 
3H 6 by a füctonof ic then one with i 


(1)4 (2) 12 (3) 400 (4) 104 
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. For the indicator the ratio 
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A definite volume of a N/20 CH,COOH (pK, = 4.7447) 

is titrated with a strong base (NaOH). It is found that 80 

equal sized drops of NaOH, added from a burette effects the 

complete neutralisation. Find the pH, when the acid soln ts 

neutralised to the extent of 20%. 

(1) 4.14 (2)9.86 (3) 5.34 (4) 8.68 

The pK, of acetyl salicylic acid (aspirin) is 3.5. The pH of 

gastric juice in human stomach is about 2—3 and the pH in 

the same intestine is about 8. Aspirin will be 

(1) Unionised in the small intestine and in the stomach. 

(2) Completely ionised in the small intestine and in the 
stomach. 


(3) lonised in the stomach and almost unionised in the small 
intestine. 


(4) lonised in small intestine and almost unionised in the 
stomach. 


Which of the following salt is basic? 
(D HOCI (2) NaOCI. (3) NaHSO, (4) NH,NO, 
Duc ] is 7.0 at pH of 4.3. K, 
_— [HIn] 
for the indicator is 
(1) 3.5 x 1074 
(3) 3.5 x 10° 


(2) 3.5 x 10> 
(4) 3.5 x 103 
When 0.002 mol of acid is added to 250 mL of a buffer 


solution, pH decreases by 0.02 units. The buffer capacity 
of the system is 


(001 (2)02 (3) 0.3 (4) 0.4 


pH of an aqueous solution of 0.6 M NH, and 0.4 M NH Clis 


9.4 (pK, — 4.74). The new pH when 0.1 M Ca(OH), solution 
is added to it 


(1)9.86  (2)9.53 (3) 9.7 (4) 9.4 

Which ofthe following salts undergoes anionic hydrolysis? 
(1) CuSO, (2) NH,Cl (3) FeCl, (4) Na,CO, 

A saturated solution of Ag,SO, is 2.5 x 10? M. The value 
of its solubility product is 

(1) 62.5 x 1079 (2)625* 10% 

(3) 15.625 x 107!° (4) 3.125 x 1075 

Which one of the following is acid salt? 

(1)Na,S (2) Na,SO, (3)NaHSO, (4)Na,SO, 

Which one is not an acid salt? 

(1) NaH,PO, (2) NaH,PO, 

(3) NaH;PO, (4) All of the above are acid salts 
Which one of the following salts when dissolves in water 
hydrolyse? 

(1) NaCl (2) NH,CI (3) KCI (4) Na,SO, 

Which of the following salt undergoes hydrolysis? 

(1) CH,COOK (2) NaNO, 

(3) KCI (4) K,SO, 


Out of the following, the compound whose water solution 
has the highest pH is | 


(1) NaCl (2)Na,CO, (3)NH,Cl (4) NaHCO, 


105. 


106. 


107. 


108. 


109. 


110. 


111. 


112. 


113. 


114. 


115. 


116. 


When equal volumes of the following solutions are mixeg 
precipitation of AgCI (K,, = 1.8 x 10-19) win Occur onl 
with i 

(1) 10-4 M (Ag?) and 10% M (CI°) 

(2) 10-5 M (Ag?) and 10% M (CI?) 

(3) 105 M (Ag?) and 10% M (CI^) 

(4) 10-4 M (Ag9) and 1079 M (CI?) 

The gastric juice in our stomach contains enough H 
make the hydrogen ion concentration about 0.01 mo 
The pH of gastric juice is 

(0601 (21 (3)2 (4) 14 

Of the given anions, the strongest Bronsted base is 
()CIO^? (2) CIO,” (3)CIO;," (4) Clo,” 

In decinormal solution, CH,COOH acid is ioniseq to the 
extent of 1.3%. If log 1.3 = 0.11, what is the PH of the 
solution? 

(1) 3.89 (2) 2.89 

(3) 4.89 (4) Unpredictable 

An aqueous solution of aluminium sulphate would show 
(1) Acidic 

(2) Neutral 

(3) Basic 

(4) Both acidic and basic reaction. 

The aqueous solution of AICI, is acidic due to 

(1) Cation hydrolysis 

(2) Anion hydrolysis 

(3) Hydrolysis of both anion and cation 

(4) Dissociation 

A solution contains 10 mL of 0.1 N NaOH and 10 mL of 
0.05 Na,SO,. pH of this solution is 

(1)7 (2) Less than 7 

(3) Greater than 7 (4) Zero 

20 mL of 0.1 N HCl is mixed with 20 mL of 0.1 N KO 
The pH of the solution would be 

(1)0 (2)7 (3) 2 (4) 9 | 
0.1 M solution of which of the substances will behave bas! 
(1) Sodium borate (2) Ammonium ditoride 

(3) Calcium nitrate (4) Sodium sulphate 


In which of the following solvents will AgBr has hight 
solubility? 


(1) 10? M NaBr 
(3) Pure water 


Cl to 
m 


(2) 102 M NH,OH 
(4) 102 M HBr 
Which of the following mixture solution has pH 
(1) 100 mL M/10 HCI + 100 mL M/10 NaOH 
(2) 55 mL M/10 HCI + 45 mL M/10 NaOH 

(3) 10 mL M/10 HCI + 90 mL M/10 NaOH 

(4) 75 mL M/5 HCI + 25 mL M/5 NaOH 

Fear or excitement, generally cause on to breathe 
and it results in the decrease of CO, concentration m 
In what way will it change the pH of blood? 

(1) pH will increase — (2) pH will decrease 

(3) No change (4) pH will adjust to ! 


s 10 


rapid 
plot 


(à 


ee 
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" which buffer solution out of the following will have 
yu» 7? 

(1) CH;COOH + CH,COONa 

(2) HCOOH + HCOOK 

(3) CH,COONH, 

(4) NH,OH + NH,CI 

Which of the following is most soluble? 

(1) Bi,S; (K,, = 1 * 10-7) (2) MnS (K = 7 x 10716) 

(3) CuS (Kp 7 8 * 1077). (4) ABS (Kp = 6 * 10-5!) 

If H® ion concentration of a solution is increased by 10 

times, its pH will 

(1) Increase by ] (2) Remains unchanged 

(3) Decreases by I (4) Increase by 10 

If pK, for fluoride ion at 25?C is 10.83, the ionisation 


118. 


119. 


120. 
constant of hydrofluoric acid in water at this temperature is 
(1) 1.74 x 102 (2) 3.52 x 10> 
(3) 6.75 x io (4) 5.38 x 102 


121. The following graph represents 
the titration of pH vs volume 
(1) A diprotic acid. fp 
(2) Two monoprotic acids 
with the same K,, but 
different concentrations. 2 
(3) Two monoprotic acids with 
different K, but the same 
concentration. 
(4) Two monoprotic acids with different K, and different 


0 100 
Volume of NaOH 


concentrations. 


Multiple Correct Answers Type Ill 


1. 0.1 mol of CH;NH, (K, = 5 x 107) is mixed with 0.08 mol 
of HC] and diluted to 1 L. Which statement is correct? 


(1) The concentration of H® ion is 8 x 107!! M. 
(2) The concentration of HÓ ion is 8 x 10? M. 
(3) The pH of solution is 9.8 
(4) The pOH of solution is 10.2. 
2. When weak base solution (50 mL of 0.1 N NH4OH) is 
titrated with strong acid (0.1 N HCL) the pH of the solution 


initially decreases fast and then decreases slowly till near 
the equivalence point (as shown in figure). Which of the 


following is/are correct. 


pH 


0! 20 40 60 
Volume of 0.1 M HCl 
solution added 


. Which of the following statements about a weak aci 


. An acid-base indicator has K, 


(1) The slow decrease of pH is due to the formation of an 
acidic buffer solution after the addition of some HCI. 


(2) The slope of shown graph will be minimum when 25 mL 
of 0.1 N HCI is added. 

(3) The slow decrease of pH is dt 
buffer solution. 

(4) The initial fast decrease in pH is d 
of OH ions by HCI. 


ie to the formation of basic 
ue to fast consumption 


d strong 


base titration is/are correct? 

(1) The pH after the equivalence point of the weak acid 
strong base titration is determined by using the K, 
expression for the conjugate base. 

(2) A buffer solution of weak acid and its 
formed before the equivalence is reached. 


(3) The pH at the equivalence point of a weak 
acid strong base titration is equal to the pH at the 
equivalence point ofa strong acid-strong base titration. 

(4) The increase in pH in the region near the equivalence 
point of a weak acid strong base titration is grater than 
the pH change in the same region of a strong acid strong 


base titration. 


conjugate base is 


monoprotic 


= 10>. The acid form of 
the indicator is red and basic form is blue. Which of the 
following is/are correct? 

(1) At pH = 4.52, solution is red 

(2) At pH = 5.47, solution is blue. 

(3) At pH = 6, solution is 75% red 

(4) At pH = 8, solution is 75% blue. 


. When HC! is passed through a saturated solution of common 


salt, pure NaCl is precipitated because: 

(1) HCl is higly soluble in water. 

(2) The ionic product [Na®] [CIF] exceeds its solubility 
product (K, p 

(3) The Kp of NaCl is lowered by the presence of Cl° ions. 

(4) HCI causes precipitation. 


. Excess of Ag,SO,(s), BaSO,(s), and Ba,(PO,),(s) are 


simultaneously in equilibrium with distilled water. Which 
of the following is (are) true? Assume no hydrolysis of 
dissolved ions. 


(1) [Ag®] + 2[Ba?*] = 2[SO,7-] + 3[PO,?] 
(2) 2[Ag®] + 4[Ba?'] = 2[SO,7] + 2[P0;7] 
(3) 2[Ag®] + 3[Ba?*] = 2[SO?] + 2[PO,*] 
(4) [Ag®] + [Ba?*] = [SO,?] + [PO] 


. A solution is found to contain [CI°] = 1.5 x 107! M; [Br?] 


= 50 x 107^ M; [CrO,] = 1.9 x 102 M. 


: solution of AgNO, (10076 dissociated) is added to 
he above solution drop by drop. Which silver salt wil 
precipitate first? . idis 


Given: K. (AgCl) = 1.5 x 107! 
àp .5 x 107!0, K. (AgBr) = , 
K (Ag,CrO;) = 1.9 x 10-12, sp (AgBr) = 5.0 x 1073, 


A 
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10. 


11. 


12. 


13. 


(2) AgBr 
(4) AgCI and AgBr together 


(1) AgCI 
(3) Ag,CrO, 


. Hg,CrO, just begins to precipitate when equal volumes of 4 


x 104M Hg,(NO,), and 2 x 10? M K,CrO, are combined. 
What is the approximate Ky, value of Hg,CrO,? 


(D) 1x107* molL-!  (2)8x 10? mol L~ 
(3)2x10?molL*  (4)4 x 10? mol L7! 


. What is general criteria of choosing a suitable indicator for 


a given titration? 
(1) The indicator should have a broad pH range. 


(2) pH at the end point of titration should be close to neutral 
point of indicator 

(3) The indicator should have neutral point at pH = 7. 

(4) The indicator must show a sharp colour change near the 
equivalence point of titration point. 

Which of the following are true for an acid-base titration? 


(1) Indicators catalyse the acid-base reactions by releasing 
or accepting H? ions. 


(2) Indicators do not significantly affect the pH of the 
solution to which they are added 


(3) Acid-base reactions do not occur in the absence of 
indicators 


(4) Indicators have different colours in dissociated and 
undissociated forms. 


An acid-base indicator has K, = 3.0 x 102. The acid form 
of the indicator is red and the basic form is blue. Then: 


(1) pH is 4.04 when indicator is 75% red. 
(2) pH is 5.00 when indicator is 75% blue. 
(3) pH is 5.00 when indicator is 75% red. 
(4) pH is 4.05 when indicator is 75% blue. 


At the end point, there is a sharp change of colour in the 
indicator. This happens because the 


(1) pH a end point changes sharply. 

(2) Structure of the indicator changes. 

(3) Colour of indicator is adsorbed by water. 

(4) Dissociation constant of acids and base differ by 10. 


For a series of indicators, the colours and pH range over 
which colour change takes place are as follows: 


Indicator Colour change over pH range 


U Yellow to blue pH 0.0 to 1.6 
Red to yellow pH 2.8 to 4.1 
Red to yellow pH 4.2 to 5.8 
Yellow to blue pH 6.0 to 7.7 
Colourless to red pH 8.2 to 10.0 


Which of the following statements is correct? 

(1) Indicator V could be used to find the equivalence point 
for 0.01 M acetic acid and 0.1 M ammonium hydroxide 
(ammonia solution) titration. 


14. 


15. 


16. 


A7. 


18. 


19. 


20. 


21. 


(2) Indicator Y could be used to distinguish between 0.1 M 
HC] and 0.001 M NaOH solutions in water. 
(3) Indicator X could be used to distinguish between solution 
of ammonium chloride and sodium acetate. 
(4) Indicator W could be suitable for use in determining the 
concentration of acetic acid in vinegar by base titration. 


H,PO, == H®+H,PO,°; Ka: 
H,PO,° == H? + HPO; K,: 
HPO, === H?*PO,5 Ka: 


Mark out the incorrect statements: 

(1) Ka > K,, > E 

pK, + pK,, 

EL. ae 

(3) Both H,PO, and H;PO," are more acidic than HPO ?- 
(4) Only HPO,” is amphiprotic anion in the solution. 
Aqueous solutions of HNO,, CH,COOH, and CH,COOK of 
identical concentrations are given. The pair(s) ofthe solution 
which may form a buffer upon mixing is(are): 

(1) NaOH and CH,COOH 

(2) HNO, and CH,COOK 

(3) CH,COOH and CH,COOK 

(4) HNO, + CH,COOH 

To which of the solution, addition of water would not effect 
the pH? 

(1) 100 mL of 0.2 M CH,COOH + 100 mL of 0.1 M NaOH 
(2) 100 mL of 0.2 M CH,COOH + 100 mL of 0.2 M NaOH 
(3) 200 mL of 0.2 M CH,COOH + 100 mL of 0.1 M NaOH 
(4) 100 mL of 0.2 M CH,COOH + 200 mL of 0.2 M NaOH 
Which of the following salt solutions has pH « 7? 

(1) NH,F (2) Cr(NO,), 


(2) pH(H,PO,”) = 


® E 
(3) [(CH4);NH]CI? (4) Cal, 
Which of the following represents hydrolysis? 


e 

(1) NH; +2H,0 == NH,OH + H,0* 
& 

(2) NH,:-FH,QO == NH, + H,O9 


(3) HCO,° + H,O == H,CO, + OH 

(4) HCO,° + H,O == CO + H,0® 

The pH values of aqueous solutions of which of the 
following compounds does not change on dilution? 

(1) PhCOONH, (2) NH,CN 

(3) HCOONa (4) NH,Cl 

In H,PO, which of the following is true? 

(1) Ka = Kar * Kaa * K_,(2) Ka > E. *K 

(3) K,, > Ka” Ka (4) K,,=K»= E a 

The degree of hydrolysis for a salt of strong acid and weak 
base 

(1) Is independent of dilution 

(2) Increases with dilution 

(3) Increases with decrease in K, of the bases 

(4) Decreases with decrease in temperature 


j) 


23. 


27, 


28, 


A solution containing a mixture of 0.05 M NaCl and 
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0.05 M Nal is taken. (K,, of AgCI = 10-1? and K, of 

Agl=4* 10719). When AgNO, is added to such a solutions 

(1) The concentration of Ag? required to precipitate Cl” is 
2x 10? mol L 

(2) The concentration of Ag? required to precipitate I^ is 
8 x 1075 mol L!. 

(3) AgCI and Agl will be precipitate together. 

(4) First Agl will be precipitated. 

Which of the following is (are) correct when 0.1 L of 0.0015 

M MgCl, and 0.1 L of 0.025 M NaF are mixed together ? 

(K, of MgF; = 3.7 x 1075), 

(1) MgF, remains in solution 

(2) MgF, precipitates out 

(3) MgCl, precipitates out 

(4) Cl ions remain in solution 


. Choose the correct statement: 


(1) pH of acidic buffer solution decreases if more salt is 
added 

(2) pH of acidic solution increases if more salt is added. 

(3) pH of basic buffer decreases if more salt is added. 

(4) pH of basic buffer increases if more salt is added. 


. Which of the following is(are) correct for buffer solution? 


(1) Acidic buffer will be effective within in the pH range 
(pK, + 1). 

(2) Basic buffer will be effective within the pH range 
(pK, — pK, + 1). 

(3) H,PO, + NaH,PO, is not a buffer solution. 

(4) Buffers behave most effectively when the [Salt]/[Acid] 
ratio equal to 1. 


. A solution is prepared by dissolving 1.5 g of a monoacidic 


base into 1.5 kg of water at 300 K, which showed a 

depression in freezing point by 0.165? C. When 0.496 g of 

the same base titrated, after dissolution, requires 40 mL of 

semimolar H,SO, solution. If K,of water is 1.86 K kg mol, 

then select the correct statement(s) out of the following 

(assuming molarity = molality): 

(1) The pH of the solution of weak base is 12.9. 

(2) The ionisation constant of the base is 8 * 1075. | 

(3) The osmotic pressure of the aqueous solution of base 1s 
21.67 atm 

(4) The base is 10% ionized in aqueous solution. | 

A solution of 0.01 M Fe?* in a saturated H,S solution 

and (i) 0.2 M of H® (ii) 0.001 M of H®. (K, * K; ol 

HS = 10?!, K, FeS =3.7 x 1077). 

Which of the following statement is/are correct 

(1) FeS will precipitate in solution (i). 

(2) FeS will not precipitate in solution (1). 

(3) FeS will precipitate in solution (ii). 

(4) FeS will not precipitate in solution (ii). 

Which statements is/are correct? 

(1)0.1M NH, solution will precipitate Fe( OH), from a 0.1 

M solution Fe?*. 
(2) 0.1 M NH, solution will not precipitate Mg (OH), from 


: 2+ 
a solution which is 0.2 M in &—— and 0.1 Min Mg A 


29. 


30. 


31. 


32. 


(3) 0.1 M NH, solution will not precipitate AgOH from a 
solution which is 0.01 M in Ag. 


(4) Will precipitate in part (3). 

Which statements is/are correct? 

(1) Compared to a strong acid, a, weak acid titration with 
base starts at a higher pH. 

(2) Compared to a strong base, a weak base titration ends 
at a lower pH. 

(3) In both (1) and (2) titration curve is shortened at each 
end. 

(4) For titration of a weak acid and a weak base, the nearly 
vertical portion of the curve would be insufficient for 
an effective titration. 

Which of the following solution will have pH — 13? 

(1) 2 g NaOH in 500 mL solution. 

(2) 100 mL solution of 0.05 M Ca(OH),. 

(3) 100 mL solution of 0.1 N Ca(OH),. 

(4) 4 g NaOH in 500 mL solution. 

Which of the following statements(s) is(are) correct? 

(1) The pH of 1.0 x 108 M solution of HCl is 8. 

(2) The conjugate base of H;PO," is HPO,” 

(3) Autoprotolysis constant of water increases with 
temperature. 

(4) When a solution of weak monoprotic acid is titrated 
against a strong base, at half-neutralisation, point 
pH = (1/2) pK. 

The pH of 0.1 M solution of the following salts increases 

in the order 

(1) NaCl < NH,CI < NaCN < HCI 

(2) HCI < NH,Cl < NaCl < NaCN 

(3) NaCN < NH,CI < NaCl < HCl 

(4) HCI < NaCl < NaCN < NH,Cl 


. A buffer solution can be prepared from a mixture of 


(1) Sodium acetate and acetic acid in water. 

(2) Sodium acetate and hydrochloric acid in water. 
(3) Ammonia and ammonium chloride in water. 
(4) Ammonia and sodium hydroxide in water. 


Linked Comprehension Type lil 


Paragraph 1 

Pb(IO,), is a sparingly soluble salt (K,, = 2.6 x 10-8), To 35 mL 
of 0.15 M Pb(NO,), solution, 1S mL of 0.8 M KIO, solution is 
added, and a precipitate of Pb(IO,), is formed. 


Which is the limiting reactant of the reaction that takes place 
in the solution? 


(1) Pb(IO,), 
(3) KIO, 


(2) Po(NO,), 
(4) Both (2) and (3). 


What will be ity of IO,? ions i i 
l | be the molarity of IO," ions in the solution after 
completion of the reaction? 


(1) 0.152 (2) 0.081 
(4) 0.03 
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2+ ions in the solution after 


3. What will the molality of Pb 
completion of the reactions? : 

(1) 8.4 * 10-14 (2) 1.6 x 10 a 

(3) 2.8 x 107!° (4)6.1 * 10 7. 

*Q0r h 2 | | | 
iue indicator such as methyl orange, phenolphihalein, ene 
bromothymol blue are substances which change colour ian : "à 
to the hydrogen ion concentration of the solution to which they 
are added. l 
Most indicators are 
which the undissociated and dissociated f 
distinct colours. If methyl orange is used as the example and the 
undissociated form is written as HMO, then dissociation occurs 


weak acids (or more rarely weak base) in 


orms have different and 


as shown below: 
HMO = H® + MO? 
Red Colourless Yellow 


Reaction: 


The indicator should have a sharp colour change with the | 


equivalence point of the titration. Usually the colour change of the 
indicator occurs over a range of about two pH units. It should be 
noted that the eye cannot detect the exact end point ofthe titration. 
The pK, of the indicator should be near the pH of the solution at 
the equivalence point. 
4. Which of the following situation exists at the equivalence 
point of a titration? 


(D[H9]-107M (2) [H°] = [OH] 


(3) [OH] =107M (4) [8] agas 

[OH] 

5. Given that the K (methyl orange) = 4.0 x 1075, a solution 
at pH = 2 containing the indicator would be 
(1) Orange (2) Yellow 


(3) Colourless (4) Red 
Paragraph 3 


Acidic solution is defined as a solution whose [H9] > [OH]. 


Base solution has [OH] > [H®]. During acid-base titrations, pH 
of the mixture will change depending on the amount base added. 
This variation is shown in the form of graph by making plot 
between pH vs volume of base added. These graphs are known 
as titration curves 100 mL of 0.1 M HLA (K,, = 10°, Ko” 10-5, 


K 3 = 1077) is titrated against 0.1 M NaOH. The titration curve 
is as follows. 


Volume of NaOH (mL) added 


— ’”> 
6. What is the pH at point A? 
(1) 3 (2)4 (3)5 (4)6 


7. What would be the pH if more of NaH,A is added to the 
titration mixture at point C? 


= DHO Q2 10.2 (3) 9.7 (4) 7.7 
8 What will be the change in pH from point B to point i» 
| (1) 2.8 [0y32 (3) 4.6 (4) 0.94 


Paragraph 4 | 
In qualitative analysis, cations of group [I " ji : group IV both 
are precipitated in the form of sulphides. ne : Ow value eK 
of group II sulphides, group reagent is H55 im the presence of dil. 
HCl, and due to high value of K of group IV sulphides, group 
reagent is H,S in the presence of NH,OH and NH,CI. 
Ina solution containing 0.1 M each of Sn?*, Cd?*, and Ni?* ions, 
H,S gas is passed. | . 
Ko of SnS = 8 x 107, Ky of CdS 1510, K of Nis 
= 3x 10?!, K, of H,S = 1 x 107, K, of H,S = 1 x 10714 
9. If H,S is passed into the above mixture in the presence or 
HCI, which ion will be precipitated first? 
(1) SnS (2) CdS 
(3) NiS (4) SnS and CdS (both together) 
10. At what value of pH, NiS will start to precipitate? 
(1) 12.76 (2)7 (3) 1.24 (4) 4 
11. Which of the following sulphides is more soluble in pure 


water? 
(1) Cds (2) NiS 
(3) SnS (4) Equal solubility for all 


12. If 0.1 M HCl is mixed in the solution containing only 
0.1 M Cd?* ions and saturated with H,S, then [C47] 
remaining in the solution after CdS stops to precipitate is: 


(1) 1075 (2)82 x NF? 
(3) 5.6 x 10° (4) 5.6 x 10-19 
Paragraph 5 


The degree of dissociation of weak electrolyte is inversely 


proportional to the square root of concentration. It is called 
Ostwald's dilution law. 


a — K, A à —-— ` ` 
pt , AS the temperature increases, degree of dissociato? 
will increase. 


" if concentration is same. 


a» 


a 
La |e , 2 
" "m if acid is same. 


13. 0.01 M CH,COOOH has 4.24% degree of dissociation, th? 


degree of dissociation of 0.1 M CH,COOH will be 
(1) 1.33% j 


| (2) 4.24% 
(3) 5.24% (4) 0.33% 
14. pH of 0.005 M HCOOH [K, = 2 x 10-4] is equal to 
(1) 3 (2) 2 (3)4 (4) 5 
15. f = a, are in ratio of | : 2, E7245 107^. What si 
a2’ 
(1) 8 x 104 (2) 2x 104 
(3)4 x 104 (4) 1 x 104 


a 
; following solutions are mixed: 500 m 


00 mL solution that was both 0.01 M in NaCl and 0.01 M ir 
a Given K AgCI = 10-10, Kp AgBr=5x 0-13 - Man 
Calculate the [CI] in the equilibrium solution. 


L of 0.01 M AgNO, 


(D5* 10° M (2) 2.5 x 19-5 
(05* 10° M (4)2.5x 103 M 
1. Calculate the [Ag®] in the equilibrium solution. 

(1) 2.0 x 105 M (2) 2.0 x 10-10 M 
(3) 2.5 x 10? M (4) 2.5 x 108 M 

18. Calculate the [Br°] in the equilibrium solution. 
(1) 2.0 x 105 M (2) 2.0 x 10-10 M 
(3) 2.5 x 105 M (4) 2.5 x 108 M. 

paragraph 7 


When L5 mol or CuCl;2H,0 is dissolved in enough water to 
make 1.0 L of solution. 


Given: K,CuCl® = 1.0 (Kis the formation constant of CuCl®) 
19, [Cu?*] in solution is 
(1.0M (2)0.5M (3)2.0M (4) None 
20. [C19] in solution is 
(20M (210M (3)3.0M (4)None 
21. [CuCI$] in solution is 
(10M (22.00M  (3)30M (4) 0.5.|M 
Paragraph 8 
Acid rain takes place due to combination of acidic oxides with 
water and it is an environmental concern all over the world. 
Assuming rain water is uncontaminated with HNO, or H,SO, 
and is in equilibrium with 1.25 x 10^ atm CO,. The Henry’s law 
constant (K) is 1.25 x 106 torr. K,, of H,CO, = 4.3 x 1077. 
Given: K,CuCI? = 1.0 (K ‘is formation constant of CuCl®) 
What is the pH of natural rain water? 
(1)5.64 (2) 7.00 (3) 5.87 (4) 7.40 
If SO, content is the atmosphere is 0.64 ppm by volume, 
PH of rain water is (assume 100% ionisation of acid rain as 
monobasic acid). : 
(040  (2)5)0 (3) 6.0 (4) 7.0 
Paragraph 9 
In atmosphere, SO, and NO are oxidised to SO, and NO,, 
spectively, which react with water to give H,SO, and HNO,. 
* resultant solution is called acid rain. SO, dissolves in water 
? form diprotic acid. 

SO, (g) +H,O(l) == HS0,? + H®; K,, = 10%. 
HSO,* uem SO,” + H® ; K, =107 
"for equilibrium, 

SO,(aq) + H,O(1) == SO,” (aq) + 2H°(aq) 

K = K, x K= 10° at 300K. 7 
i: Which of the following reagents will give white precipitate 
With the aqueous solution of sulphurous acid? 
(1)BaCl, (2)HC]  (3)NaCl (4) KCI 


22, 


23, 


y 
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25. The pH of 0.01 M aqueous solution of sodium sulphite 
(Na,SO,) 
(1) 4.5 (2) 8.5 (3) 9.0 (4) 9.5 

26. The dominant equilibrium in an aqueous solution of sodium 
hydrogen sulphite (NaHSO,) is 
2HSO,° (aq) === SO, (aq) + SO4^- (aq) + HO (D) 
The equilibrium constant for the above reaction is 
(10?  (2)105 (3) 10-5 (4) 10? 

27. Which of the following statement is correct? 
(1) H,SO, is less acidic than H5SO,. 
(2) HNO, is less acidic than HNO,. 
(3) SO,(g) is reduced in the atmosphere during thunderstorm. 
(4) CO, gas develop more acidity in rain water than SO,. 

Paragraph 10 


In acid-base titration react rapidly to neutralise each other. 
Equivalence point is a point at which the acid and the base (or 
oxidising agent and reducing agent) have been added in equivalent 
quantities. The end point is the point at which the titration stops. 
Since the purpose of the indicator is to stop the titration close to 
the point at which the acid and base were added in equivalent 
quantities, it is important that the equivalent point and the end point 
be as close as possible. The indicator must change colour at a pH 
close to that of a solution 
of the salt of the acid and 
base. Significantly, the pH 
changes most rapidly near 
the equivalence point. The 
exact shape of a titration 


curve depends on K, and Volume of KOH (mL) added 
K, of acid and base. > 


pH 
------ Equivalence point 


28. The following curve represents titration curve of HCl against 
KOH. The pH at equivalent point is 


(1) 3 (2) 6 (3) 7 (4)8 


Examine the titration curve below and answer the question. 


20 40 60 80 
"Ren cee PE 
Volume of acid added(mL) 
29. The curve represents the titration of 
(1) CsOH by HBr 


(2) HCI by NaOH 
(3) HCI by KOH 


(4) NH, by HNO, 


8.102 Physical Chemistry 
30. The suitable indicator for the titration 1s 
(1) Methyl orange (2) Bromothymol 
(3) Methyl red (4) All of these 
31. The pH at equivalence point 1s 
(1) 2 (2)3 (3)7 (4) 11 
32. Which of the following curves indicates the titration ofa 
weak diprotic acid by KOH of equivalent strength? 
(1) 


|" 


Volume of KOH added 


(2) 


pA, 


Volume of KOH added 


Volume of KOH added 


(4) 


Volume of KOH added 


A ——————À 


Paragraph 11 

Physical and chemical equilibria can respond to a change in their 
pressure, temperature, and concentration of reactants and products 
To describe the change in the equilibrium, we have a piiteible 
named Le Chatelier's principle. This we can define in terms of 
energy, as the free energy change in equilibrium is zero means the 
system is stable. So if we are doing some changes in equilibrium, 


then the syste! 
by undoing the effect we 


Consider the followin 


e-establish the equilibrium 


n having a tendency tor 
brought. 


g equilibrium. 


33. 280, ==> 280, AH = -V° 


If O, is added and volume of the reaction vessel is reduced, 


the equilibrium 

(1) Shifts in the product side 

(2) Remains unchanged 

(3) Shifts in the reactant side 

(4) Cannot be predicted 
34. If we add CrO pion toa saturate 

will 

(1) Result in an increase i 
in Ag? concentration 


d solution of Ag,CrO,, it 


n Ag? concentration 


(2) Result in a decrease 
(3) Shift Ag ® ions from solid Ag, CrO, into solution. 


(4) Result in a decrease the CrO,2- ion concentration in the 


solution. 
35. Three sparingly soluble salts A,B, AB, and AB, are given. 
If all the three having the same value of solubility products 
(Kp) in the saturated solution, the correct order of their 


solubilities is 
(1) AB, > AB > A,B 
(3) AB > AB, > A,B 


(2) AB, > A,B > AB 
(4) AB > A,B > AB, 
Paragraph 12 


H ; fae te Th et 
2 4 iS a tribasic acid with pK, » pK, and pK, 2. 12, 7.21, and 
32, respectively. It is used in fertiliser productions and its 
various salts are used in food, detergent, toothpaste, and in metal 
treatment. 


Small quantities of H,PO, are used in imparting the sour or 
tart taste to soft drinks, such as Coca Cola, and beers, in which 
H;PO, is present 0.05% by weight (density = 1.0 g mL») 

0g i 


l -3 zc . " 

" M H4PO, (pH = 7) is used in fertilisers as an aqueous soil 
igesting. Plants can absorb zinc in water soluble form only. Zinc 

phosphate is the source of zinc and PO,- ions in th LE f 

zinc phosphate = 9.1 x 1033. : inni 


36. Calculate the pH of a Coca Cola, assuming that the acidity 


of the cola arises onl 
, y from H,PO " : 
no importance. 3PO, and K , and K , are of 


(1) 1.8 (2) 2.2 (3)3.3 
37. [PO;? ] ion in the soil with pH = 7, is 
(1) 10° M (2) 1.2x 104 M 
(3) 2.2 x 104M (4) 1.1 x 10719 M 
38. [Zn^'] ion in the soil is 
(1)2.9 x I0! M 
(3) 3.0 x 10% M 
Paragraph 13 


ie solutions of Na,C,O, and CaCl, are mixed and precipitate 
aC,O, formed is filtered and dried. 250 mL of the saturated 


(4) 4.4 


(2) 4.0 x 10-!9M 
(4)9.1 x 105 M 
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ond CaC;O4 required 6.0 mL of 0.001 M KMnO, solution 
"i ,; medium for complete titration. 


NT . . : 
n? ber of mol of KMnO, required is this titration and 


Column II 
(C haracteristics) 


0.1 M CH,COOH Acidic buffer at its 


9 „umber of mol of C 0,7 ion present in the given saturated 
solution of CaC,O, respectively are (pK, = 4.74) + 0. IM maximum capacity 
(1) 6 x 10, 6 x 105 (2)6x106 1.5 x 105 CH,COONa 
3) 1.5 X 105,6 x 10$ (4)6 x 1076, 3 x 10-6 m ae + Buffer solution 
j fKMNO, required in the titrati l i 
„ Equivalent o 4 Tequired in the titration and equivalent 7 
40. C O 2- ion present in CaC O .Tes ective q 0.1 MCH,COOH pH < 7 at 25 C 
xa e s I p RISCINE Mie (pK, = 4.74) + 0.1M 
(3x1053* 10^. (2) 1.8 x 105,3 x 10% NH OH (pK, = 4.74) 
3)3 x 10%, 6 * 10° (4)6 x 10%, 3 x 10-5 300 mL oro. M 
ji, KS ECCLES CH,COO Na + 100 mL 
(1) 2.25 x 10 7 (2) 2.25 x 19710 
(3) 3.6 * 10° (4) 4.0 x 109 


_ Which is the indicator in the above titration? 
(1) Phenolphthalein (2) Methyl orange 
(3) KMnO, itself (4) None 
paragraph 14 
yin is an acidic indicator (K,,, = 10°) which dissociates into 
squeous acidic solution of 30 mL of 0.05 M H,PO, (K, = 10°, 
x,=107, K,7 10") 
e 
43, Calculate the ES 
(1) 1.413 x 10° (2) 1.413 x 107 
(3) 3.128 x W (4) 3.128 x 107^ 
44. If HIn and Ind? posses colour P and Q, respectively, and 
colour P predominates over colour Q when the concentration 
of HIn is 120 times than that of Ind°. Colour Q predominates 
over P when concentration of Ind® is 127 times of HIn. 
What is the pH range of the indicator. 
(1) 4.896 to 9.0792 (2) 4.896 to 8.0792 
(3) 4.896 to 7.0792 (4) 4.896 to 6.0792 
45. If this solution is treated with 30 mL of NaOH solution, then 
what molarity of NaOH is needed to reach the equivalence 
point with indicator? 
(01M Q)02M (3)0.3M 


Solubility of Al(OH); i 
0.1 M NaOH 


(4)0.4 M 
[Salt] 


pOH = pK, + log ——— 
Iil : [Base] 


[Salt] 


o 


> [Base] 


Matrix Match Type 


ith two columns-T and 
lumn I with that pH in 


This section contains questions each w 
Il. Match the (salt solution) given 1m co 
column II. 


"X Fr 

E NH,CI in water á Neutral solution which does 
not undergo hydrolysis 

R|CHCOON in water) q| Cationic hydrolysis | 

ERE c a 


Both cationic and anionic 
hydrolysis 


l. 


8.104 Physical Chemistry 
Column 


p. Cationic hydrolysis 


NNNM es 
Anionic hydrolysis —— f 
pH changes by one unit 
when diluted to one-tenth 
of its concentration m 
.|pH «7 at 25° C 


Column II 


Ratio of solubilities 
of salt in buffer and 


7. = Column I 
Sparingly soluble salt 
of weak acid 


a. Ratio of solubility of a salt 
‘MCN in a buffer of pH = 3. 
(K, = 10/3) and solubility 
in H,O is 

b. Ratio of solubility of a salt 
MCN in a buffer of pH = 4, 
(K, = 107/7) and solubility 
in H,O is 


c. Ratio of solubility of a salt 
MCN in a buffer of pH = 5 
(K, = 1077/8) and solubility 
in H,O is 
d. Ratio of solubility of AgCl 3 
in 0.1 M HCl and 0.2 M 
AgNO.. 


e. Ratio of solubility of 
Al(OH), in 0.1 M HCI and 
0.2 M NaOH. 


8. 50.0 mL of 0.1 M CH,COOH solution is taken to which 
the following quantities of 0.1 M NaOH have been added. 
Match the followings. 


Column I 


Volume of 0.1 M NaOH added 
to 50 mL of 0.1 M CH,COOH 
(pK, CH,COOH = 4,74) 


Column II 
PH of solution 


a. 25.0 mL 534 —— 

b. 40.0 mL q. | 11.96 
| €.|50.0 mL mE "|n|l474 
| d.|60.0 mL | [e|22 
-€.|70.0 mL — jt [872 


9. 100 mL of 0.01 M H,S solution is taken to which the 
following quantities of 1.0 M NaOH have been added. 
K, (HS) = 1077, K (I, S) = 10-4, Match the following. 


10. 1.0 Lof0.01 MNH; 
quantities of 1.0MH 
the followings. 


solution is taken to which the followin 
CL is added. (pK, (NH,) = 4.74). Match 


Column II 


Column II 
pOH 


12. m Column I , Column H 
i Type of titration . Indicator 
| à. NaOH + HCI | p. Phenolphthalein 
| b.|H,SO, + NH,OH q. Phenol red 
CH,COOH + NH,OH r. Bromocresol green 
ES KOH + H,SO, s. Methyl orange 
13. Column I 


Column l1 


Statements 


-| Hydrolysis of ethyl 
acetate in basic 
solution 


Characteristics 


p.| Second-order reaction - 


Hydrolysis of ethyl 
acetate in acidic 
solution 


of a buffer solution. 
„| The buffer capacity of a 
a solution is maximum 


when the concentration 
of salt to the acid is 


-| The limits of pH values | 


———1 


First-order reaction. 


zirconium phosphate 


pismuth (III) sulphide 


. 0912» 


a 


What is the sum of magic numbers of all soluti 
| - 
below: (Integer value is between 50 and 60). utions given 


(Magic number of a solution = pH of solution x Weight 
factor) 


Weight factor 


Pye | 
i 0.1M CHCOOH 1 
+0.1M CH,COONa 


(K,= 107) 


IV 0.1 M NB,OH (K, = 105) 2 
VI! 10 mL of 0.1 M CH,COOH | 
i+ 10 ml of 0.1 M NH,OH | 1 | 
1. How many of the following cations belong to group IIA, 
IL IV, and V only in qualitative salt analysis? 


S^, Hg", Pb2*, Zn2*, Cu", Cr+, As?*, Mg", Sb?* 


3. How many of the following are strong electrolytes? 


a. NH, b. NH,Cl c. CH,COOH 
&CH,COONa e. HCI f. NaCl 
IEE MAIN 


Single Correct Answer Type 


l. An acid HA ionizes as HA => H* + A^. The pH of 1.0M 


solution is 5. Its dissociation constant would be 
(1) 1x10 (2) 5 
3) 5x10 (4) 1x 107 (AIEEE 2009) 


2. Three reactions involving H;PO4 2° given below: 


L HjPO, + H,O > H,0° + npea 
Il. H,PO; + H,O > HPO; + E. 
+ 
Il. H,PO; + OH- — H; PO, + o 


Ionic Equilibrium 8.105 


Archives 


4. How many of the following 0.1 M solutions are acidic? 


a. NH,CI b. NaOH c. HC,H,O, d. NaCl 
e. NH, + NH,CI f. NH, g. HCl 
h. HCIO, i. (NH,),SO, j. K,50, 


5. How many in Q. (4) are basic? 

6. How many in Q. (4) are neutral? 

7. How many of the following salts: 
i. NH,C,H,O, ii. PhCOONH, 
iv. NH,CI v. MgS 
vii. KCl 
a. Hydrolyse more in water at 25 ©. 
b. Do not hydrolyse. 
c. Both cation and anion hydrolyse to the same extent. 
d. Both cation and anion hydrolyse to different extent. 


iii. NaC,H,0, 
vi. Na,SO, 


8. How many of the following combinations of reactants will 
react less than 2% of theoretically possible extent? 


a.CH,COOH+H,O b. CH,COO” + H,O 
c. CH4COO? + H,0? d. CH,COOH + KOH 
e.CH,COOK -HClag) f. HCI(g) + H,O 
g. CI? + H,0® 
h. CI? + H,O i. NH, + KOH 

e o 
j. NH, - OH k: NH, + H,O 


I. NH, + H,0® m. NH, + HCl(ag) 


o 
n. K°+OH 


9. How many of the combinations of reactants in Q. (8) above 
will react until more than 98% of the limiting quantity is 
used up? 

10. Calculate the pH at equilibrium point when a solution of 10? 
M CH,COOH is titrated with a solution of 10$ M NaOH. 
K, for acid 2 x 105 (pK, = 4.7) (Answer given in whole 


number). 


In which of the above does H,PO; act as an acid? 


(1) IL only (2) land ll 
(3) III only (4) L only (AIEEE 2010) 
3. In aqueous solution, the ionization constants for carbonic 


acid are 
K, 242x107" and K, = 4.8 x io 


Select the correct statement fort a saturated 0.034 M solution 
of the carbonic acid. 


(1) The concentration of CO? is 0.034 M 
(2) The concentration of COŻ- is greater than that of HCO; 


- 4) 5x 10?M 
.106 Physical Chemistry (3) 1.0 x 10 10M (4) 


zar roximately 
(3) The concentration of H* and HC O; are app 


equal -— 
(4) The concentration of H* is double that à r si — 
ili uct of silver bromide is 5.0 x 107!*. 
i a he potassium bromide (molar mass s 
as 120 g mol!) to be added to 1 L of 0.05 M so = | 
of silver nitrate to start the precipitation of AgBr is 
(1) 19x19 9g (2 L2x10?g 
(3) 62x10? g (4) 5.0x I0? g (AIEEE aut) 
5, At 25°C, the solubility product of Mg(OH), is 1.0 x 107. 
At which pH, will Mg?* ions start precipitating in the form 
of Mg(OH), from a solution of 0.001 M Mg?* ions? 
(1) 9 (2) 10 
(3) 11 (4) 8 (AIEEE 2012) 
6. Solid Ba(NO,), is gradually dissolved in a 1.0 x 10-4 M 
Nu CO. solution. At what concentrations of Ba?*, will a 
precipitate begin to form? 
(K,, for BaCO, = 5.1 x 1079) 
(D 4.1 x 105M (2) 5.1 x 1075 M 
(3) 8.1 x 1078 M (4) 8.1 x 107 M 
(JEE Main 2014) 
7. pK, of a weak acid (HA) and pK, of a weak base (BOH) 
are 3.2 and 3.4, respectively. The pH of their salt (AB) 


solution is: 

(1) 7.2 (2) 6.9 

(3) 7.0 (4) 1.0 (JEE Main 2017) 
8. Which of the following salts is the most basic in aqueous 

solution? 

(1) CH,COOK (2) FeCl, 

(3) Pb(CH;,COO), (4) AKCN), 

(JEE Main 2018) 


9. Which of the following are Lewis acids? 
(1) AICI, and SiCl, (2) PH, and SiCl, 
(3) BCL and AICI, (4) PH, and BCl, 
(JEE Main 2018) 

10. A aqueous solution contains an unknown concentration of 
Ba^. When 50 mL ofa 1 M solution of Na,SO, is added, 
BaSO, just begins to precipitate. The final volume is 500 
mL. The solubility product of BaSO, is 1 x 10719. What is 
the original concentration of Ba2*? 
(1) 2x 109M (2) 1.1 x 10? M 


LIST-I 


- (10 mL of 0.1 M NaOH + 20 mL of 0.1 M acetic acid diluted to 60 mL) 
). (20 mL of 0.1 M NaOH + 20 mL of 0.1 M acetic acid diluted to 80 mL) 


- (20 mL of 0.1 M HC] 
80 mL 


- 10 mL saturated solution of Ni(OH), 


Ni(OH), is diluted to 20 mL (solid Ni 
tion). 


* 20 mL of 0.1 M ammonia solution) diluted to | 3. 


in equilibrium with excess solid 
(OH), is still present after dilu- 


(JEE Main 2018 


JEE ADVANCED 


i ect Answer Type | | 
eum H,S gas into a mixture of Mn?*, Ni2*, Cuz and 
. 2 


idi ion precipitat 
Hg?" ions in an acidifiéd aqueous solution precipitates, 


(1) CuS and HgS (2) Mns Ws 
(3) MnS and NiS (4) NiS and Hg 
l (IIT-JEE 2011) 


2. How many litres of water must be added to 1 litre of an 

| aqueous solution of HCI with a pH of 1 to create an aqueous 

solution with pH of 2 ? 
(DOSL | (220L (3)9.0L (4)0.1L 

(JEE Advanced 2013) 

3. The K,, of Ag;CrO, is 1.1 x 10°! at "d prs solubility 
(in mol/L) of Ag,CrO, in a 0.1M AgNO, solution is 


(1) L1 x 10-1! (2) 1.1 x 10710 
(3) 1.1 x 10-2 (4) 1.1 x 10? 
(JEE Advanced 2013) 


4. The initial rate of hydrolysis of methyl acetate (1M) by a 
weak acid (HA, 1M) is 1/100" of that of a strong acid (HX, 
IM), at 25°C. The K, of HA is 


(1) 1 x 104 (2) 1 x 105 
(3) 1 x 10-6 (4) 1 x 103 
(JEE Advanced 2013) 


Multiple Correct Answers Type 


1. Aqueous solutions of HNO,, KOH, CH,COOH, and 
CH;,COONa of identical concentrations are provided. The 
pair(s) of solutions which form a buffer upon mixing is/are 
(1) HNO, and CH,COOH 
(2) KOH and CH,COONa 
(3) HNO, and CH,COONa 
(4) CH,COOH and CH,COONa 


Matrix Match Type 


1. Dilution processes of different aqueous solutions, with water. 
are given in LIST-I. The effects of dilution of the solutions 
on [H*] are given in LIST-II. 

(Note: Degree of dissociation (a) of Weak acid and weak 


base is << 1; degree of hydrolysis of salt <<]: [H"] represents 
the concentration of H* ions) 


(IIT-JEE 2010) 


. the value of | H*] does not chagne on dilution 


i tig value of [H*] changes to half of its initial value on 
dilution 


the value of [H' | 
value on dilution 


changes to two times of its initial 


4. the value of [H*] changes to 


lj 2o. 9 
~= times of its initial 
value on dilution J2 


5. the value of [H*] changes to 


V2 times of its initial 
value on dilution 


» 


atch each proess given in LIST-1, with one or more 


effectis) in LIST-IL. The correct option is 
ypa 2 Reo 35 l 
pate sks >) 
QyP> LOoO4RoS5So3 
P LO>SR>4 S> 1 
(JEE Advanced 2018) 


„umerical Value Type 


y The dissociation constant of a substituted benzoic acid at 


LO 
* 


aoi Answers Key | 


96°C is 1.0 X 10-*. Find the pH of a 0.01 M solution of its 
sodium salt. (IIT-JEE 2009) 


Among the following, find the total number of compounds 
whose aqueous solution turns red litmus paper blue 


KCN. K,8O,, (NH). C,0,, NaCl, Zn(NO,),, FeCl, 


EXERCISES 
—— 
Single Correct Answer Type 
1. (1) 2. (4) 3. (23 4. (3) 5. (3) 
6. (3) 7. 2) 8. (2) 9. (3) 10. (3) 
t. (1) 12. (3) 13. (2) 14. (2) 15. (3) 
16. (4) 17. (1) 18. (1) 19. (2) 20. (2) 
21. (1) 22. 683) 23. (1) 24. (2) 25. (2) 


96. 
101. 
106. 


.G) 27.Q) 28. (1) 29. (3) 30. (1) 
.() 32. (4) 33. (3) 34. 3) | 35. (1) 
L0) 37.2) 38. (3) 39.() 40.0 
. (2) 42. (3) 43. (3) 44. (1) 45. ( 
. (4) 47. (3) 48. (4) 49. (1) 50. (3 
5L (2) 52. (3) 53. (3) s4. (4) 55. (4) 
. (3) 587. (4) 58. (4) 59, (1) 60. (4) 
<. 62.43) 63. (1) 64.3) 650) 
.(2) 67. (1) 68. (1) 69. (1) — 70. (I) 
-O TO 73. (4) 74. 0) 75.06) 


(4 77. (2) 78. (2) 79. (2) 80. (4) 


. (2) $2. (4) g3. (1) 84. (4) 85. 4) 
.(3 $79 88. (2) g9. (2) 90.() 
.(4) 92. (1) 93, (4) 94.0) 950) 


(4) 97. (1) 98. (4) 99, (1) 100. (3) 
(4) 102. (2) 103. (1) 104. (2) 105. (1) 
(3) 107. (1) — 108. (2) 109, (1) H0. (1) 


BEEN Ionic Equilibrium | 8.107 
K,CO,, NH,NO), LICN. (IIT-JEE 2010) 
Find the total number of diprotic acids among the following: 
H,PO,, H580,, H,PO,, H,CO,, H,S,0,, H,BO,, H,PO,, 
H,CrO,, H,S0, (IIT-JEE 2010) 


, In 1 L saturated solution of AgCI (Kap of AgCl = 1.6 * ior 


0.1 mol of CuCl (Bis CuCl = 1.0 7 10-5) is added. The 
resultant concentration of Ag? in the solution is 1.6 * 10 *. 
(IIT-JEE 2011) 


Calculate the value of x. 


. The solubility of a salt of weak acid (AB) at pH 3 is 


y x 10? mol L'. The value of Yis — . 
(Given that the value of solubility product of 
AB (K,) = 2 * 10 10 and the value of ionization constant 
of HB(K)-!* 10) 

(JEE Advanced 2018) 


111. (3) 112. (2) 113. (1) 114. (2) 115. (4) 
116. (3) 117. (4) 118. (2) 119. (3) 129. (3) 
121. (4) 
Multiple Correct Answers Type 
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